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SUMMARY
The work described in this study separates naturally into two parts. Firstly  
an examination of the persistence of binding iri vivo of a carcinogenic polycyclic  
aromatic compound to the D N A  in mouse skin, a tissue in which the chemical is a 
carcinogen, was carried out. The results of this experiment prompted the work of 
the second part of this study which entailed an examination and comparison of the 
binding of a number of polycyclic aromatic hydrocarbons to nuclear and mito­
chondrial D N A .
The binding of the carcinogen 1 5 ,16-d ihydro-l 1-m ethyl-cyclopenta(a) -  
phenanthren-17-one to mouse skin was examined over a period of tim e. The major 
hydrocarbon-deoxyribonucleoside adducts separated by enzymic hydrolysis of the 
D N A  and chromatography on Sephadex LH 20 were found to be removed quickly over 
the 72 hour period following the maximum binding of the hydrocarbon, but the 
removal of adduct then slowed so that after five weeks approximately 10% of the 
original adduct still remained.
The covalent binding of six polycyclic aromatic hydrocarbons to the nuclear 
and mitochondrial D N A  of whole mouse embryo tertiary cells in culture was examined. 
The binding of the hydrocarbons to mitochondrial D N A  was generally 50 to 100 times 
greater than to nuclear D N A . N o relationship between the known carcinogenicity  
of the compounds and the binding to nuclear D N A  was observed, but a relationship 
was found for binding to mitochondrial D N A . In general the same species of adducts 
were present in mitochondrial and nuclear D N A  although the proportions varied . 
O ften , late eluting adducts, possibly formed from an epoxide, rather than a 
dihydrodiol epoxide, represented a far greater proportion of the total adducts in 
mitochondrial D N A  than in nuclear D N A .
The repair of adducts of two of the hydrocarbons, benzo(a) pyrene and 
3-methylcholanthrene, was examined. In both cases the adducts were removed 
effic ien tly  from the nuclear D N A , but in the case of benzo(a) pyrene the removal 
adducts from mitochondrial D N A  was ineffic ient, while the removal of 3 -m eth y I- 
cholanthrene adducts from mitochondrial D NA paralleled in effic iency that of the 
nuclear D N A .
Benzo(a) pyrene was shown to reduce the proportion of mitochondrial D N A  
extractable as closed circles, and increase the proportion of open circles and 
possibly catenated dimers.
These results are discussed with reference to the carcinogenic process.
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Section I 
IN TR O D U C TIO N
1 . 1
Polycyclic Aromatic Hydrocarbon Carcinogenesis
l . l . i  Introduction and historical background
Tissue of mesenchymal origin represents a greater proportion of the human 
body than epithelial tissue, yet 90%  of cancers are derived from ep ithe lia l tissue, 
only 10% having a mesenchymal origin. Further, over 50%  of these epithelial 
cancers occur in epithelium which is in contact w ith man's environment; the 
epithelium of the skin, the gastro-intestinal tract and the bronchial epithelium of 
the lungs (M ille r  and M ille r , 1974) . Exposure to u ltra -v io le t light is the greatest 
aetiological factor involved in skin cancer (Urbach e t a ] * /  1922; Emmett, 1973), 
but a t the other sites epidemiological studies point to the importance of environ­
mental chemicals, leading Higginson (1969) to the conclusion that as much as 90%  
of human cancer has an environmental element in its aetiology. W hile  there is 
some statistical evidence that cancer has a m ultifactorial origin in man (Armitage 
and D o ll, 1957; Knudson, 1971) and animals (Friedwald and Rous, 1944; 
Berenblum and Shubik, 1947 ), changes in the incidence of cancer may occur in 
such a short time that genetic factors have been largely discounted (Haenszel and 
Kurihara, 1968; Haenszel, 1975) as have ionising radiations other than u ltra ­
v io le t (Jablon, 1975). The lack of defin itive data on the role of infectious 
viruses in the causation of human cancers (Heath et a l . ,  1975) and the fact that 
over a dozen specific chemicals have been identified as causing cancer in humans 
(IARC , 1972-1979) and the conclusion that a high proportion of lung cancer is 
associated w ith cigarette smoking (Smoking and Health, 1964) have led to the 
belie f that chemicals in the environment, both natural and synthetic, are largely  
implicated in the aetiology of cancer in man.
A  London surgeon, P^rcival Pott, is w idely recognised as producing the 
first report of a substance that caused cancer in man when in 1775 he noted an 
unusually high incidence of cancer of the skin of the scrotum in men who had been 
chimney sweeps in their childhood (Pott, 1775) . However, 14 years earlier a 
London physician, John H ill ,  had noted an association between nasal cancer and 
the excessive use of snuff (reprinted in Redmond, 1970) . Pott's observation formed 
the basis of what was probably the first preventive measure taken against chemically  
induced cancer when in 1778 the Danish chimney sweeps guild urged its members to 
bathe daily (Clemmesen, 1951) .  Subsequently, in the nineteenth century high 
incidences of skin cancer were reported among workers in the paraffin refining, 
shale o il, and coal tar industries (Volkmann, 1875; Bell, 1876; Butlin, 1892), 
these substances later being recognised as containing polycyclic aromatic hydro­
carbons.
A  number of unsuccessful attempts were made to induce cancer in 
experimental animals using soot and coal tars, but it was not until 1915 that this 
was achieved, when Yamagiwa and Ichikawa succeeded in inducing carcinomas on 
the ears of rabbits by repeated topical application of coal tar over a long period of 
time (Yamagiwa and Ichikawa, 1915) . This was followed by the demonstration 
that tars are similarly carcinogenic to mouse skin (Tsutsui, 1918) . In 1922 
Passey induced cancer in mouse skin by applications of ether extracts of tars 
(Passey, 1922) while crude shale oil was shown to be carcinogenic to mouse skin 
(Leitch, 1922) .
Chemical investigations by Bloch and Dreifuss (1921) suggested that poly­
cyclic  aromatic hydrocarbons were the active agents of these materials. More 
conclusive evidence was made available when Kennaway (1925) produced 
carcinogenic tars by pyrolysis of several organic materials including acetylene and
isoprene in a hydrogen atmosphere. Hieger (1930) revealed that the fluorescence 
spectra of extracts of tar mixtures were similar to those of synthetic benz(a) -  
anthracene derivatives, and in the same year Kennaway and Hieger (1930) demon­
strated dibenz(a,h)anthracene (Figure 1.1) to be the first chemically synthesised 
carcinogenic polycyclic aromatic hydrocarbon. This was soon followed by the 
extraction from coal tar of the highly carcinogenic and common environmental 
contaminant, benzo(a) pyrene (Cook et a I . , 1933) (F ig . 1.1) .
Throughout the early studies on polycyclic aromatic hydrocarbons many 
compounds were synthesised and tested for carcinogenicity (Cook, 1932; Cook et a l.  
1932; Barry e t a L ,  1935; Bachmann et a l ,m 1937; Badger et a L , 1940 and 
Badger et a L ,  1942). Many of the benz(a) anthracene derivatives were found to 
be carcinogenic to mouse skin when applied top ically , 7-m ethy!benz(a)anthracene  
(Figure 1.1) being the most active monomethyl derivative, and 7 , 12-dim ethylbenz- 
(a)anthracene (Figure 1.1) the most potent dimethyl derivative. The active carcin­
ogen 3-methyl cholanthrene (Figure 1.1) was synthesised from the bile  acid deoxy- 
cholic acid via dehydronorcholine by Cook and Hazlewood (1933) using a series of 
reactions of which some are known to occur in the body, but there is no evidence of 
the actual biological formation of 3-methylcholanthrene, although Cook e t a l.
(1940) have shown that deoxycholic acid itself is a carcinogen. Thus by 1950 the 
epidemiological data on the carcinogenicity of coal tars and soots for man had been 
complemented by defin itive data on the.carcinogenicity of the pure chemicals 
contained in these mixtures for laboratory animals.
The classical method of chemical induction of tumours is the repeated  
topical application of the chemical to the skin of a suitable anim al, usually a 
mouse or a rat, until tumours arise. It was pointed out by Berenblum and Shubik 
(1947) that carcinogenesis has a two stage mechanism, firstly in itia tion , which is
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considered to be completed rapidly and to be essentially irreversible, w hile the 
second phase, promotion, occurs slowly and is, at least in its early stages, largely 
reversible. For a tumour to arise by continual application of a single chemical, 
the chemical must be both in itiator and promotor, and this system often involves a 
lengthy latent period. However the chemical may be a good in itiator but a poor 
promotor or an active promotor while not showing any in itiating a b ility . The 
classic promotor is croton o il, an extract of the seeds of Croton tig lium , first used 
by Berenblum (1941) as a co-carcinogen. The active components have been 
isolated and are the 1 2 ,13-diesters of the diterpene alcohol phorbol, the most 
active being 12-0-tetradecanoylphorbol-13-acetate (phorbol-12-m yristate-l 3 -  
acetate; Hecker, 1971; Van Duuren, 1976). The use of a promotor following a 
single in itiation dose may dramatically reduce the latent period, but this only 
occurs if  the doses are given sequentially, the in itiator being given first.
I . l . i i  The concepts of metabolic activation and electrophilicity  as a common
property of ultimate carcinogens
The lack of a common structural feature among the many types of primary 
carcinogens and the fact that they may act at sites distant to the site of admin­
istration led to the assumption that carcinogens must need metabolic activation . 
Possibly the first observation of the covalent binding of a carcinogen to a cellu lar 
constituent was that of M ille r  and M ille r  (1947) who demonstrated the binding of a 
metabolite of N ,  N -dim ethyl-4-am inoazobenzene to the hepatic proteins of rats 
fed this dye. Following this, polycyclic aromatic hydrocarbons were shown to 
bind covalently to cellu lar protein (M ille r , 1951; Heidelberger and M oldenhaver, 
1956) and nucleic acids (Heidelberger and Davenport, 1961; Brookes and Lawley, 
1964; Goshman and Heidelberger, 1967) and, as these hydrocarbons contain no
reactive groups it became apparent that they must undergo metabolic activation.
The most direct evidence of metabolic activation of carcinogenic hydro­
carbons comes from in vitro studies where the hydrocarbon is incubated w ith cells in 
culture or with the microsomal fraction of rodent live r. The microsomal fraction  
contains the mixed function oxidase system, a non-specific complex of mono 
oxygenase enzymes which carry out aromatic ring hydroxylations, N-hydroxylations  
and oxidative demethylations of a variety of organic compounds (reviewed in 
G ille tte  et a L ,  1969) . This complex is an electron transport chain which involves 
cytochrome b5, cytochrome P -450, which is actually a fam ily of cytochromes each 
having a different a ffin ity  for polycyclic aromatic hydrocarbon metabolism, and 
a flavoprotein, NADPH-cytochrome P-450 reductase (NADPH-cytochrome c 
reductase) (De Pierre and Ernster, 1978; Deutsch et a L , 1978) . Due to its 
a b ility  to metabolise polycyclic aromatic hydrocarbons, this system is also known 
as aryl hydrocarbon monoxygenase. High levels of these enzymes are found in 
live r, but are detectable in other tissues and are induceable w ith polycyclic  
aromatic hydrocarbons (Conney, 1967; Grundin et a L , 1973) and phenobarbital 
(cytochrome P-448) (Oesch e t ' a L ,  1972) . Extracts of microsomal incubations of 
hydrocarbons include metabolites o f the starting hydrocarbon which have had 
oxygen added to specific double bonds (Sims, 1970), although the ratio of 
different metabolites is dependent on the species source of the microsomes (Selkirk  
et a l . ,  1976) . Addition of exogenous D N A  to the incubation results in binding 
of certain derivatives to the D N A  (Grover and Sims, 1968; G elbo in , 1969) . 
Further 7 ,8 -benzoflavone, which when given with a carcinogenic polycyclic  
aromatic hydrocarbon reduces tumour incidence (Wattenberg and Leong, 1968; 
Wattenberg and Leong, 1970; Kinoshita and G elboin , 1972) also reduces the 
metabolism of the aromatic rings and D N A  binding of the hydrocarbon (Diamond
e t a l . ,  1972; Kinoshita and G elboin, 1972; Coombs e t a L ,  1975; Baird and 
Diamond, 1976).
Due to observations such as these it is now accepted that polycyclic  
aromatic hydrocarbons, and indeed most carcinogens are only active after meta­
bolism, the exceptions being direct acting alkylating and acylating agents, and 
that the ultimate form of such carcinogens must be strong electrophiles which 
readily react w ith the abundant nucleophiles present in protein, RNA and D N A .
1 . 1 . iii  The metabolism of polycyclic aromatic hydrocarbons
The general 'detoxification' system of the animal body which metabolises 
foreign compounds is a two phase system (W illiam s, 1959) . Firstly functional 
groups are introduced into the molecule (phase I) by a series of oxidations or 
reductions. These phase I derivatives are then conjugated with large polar groups 
such as sulphuric, amino or glucuronic acid (phase II) which make the compound 
more water soluble and so more readily excreted.
Polycyclic aromatic hydrocarbons are metabolised by essentially these path­
ways, utilising the aryl hydrocarbon monooxygenase system, epoxide hydratase 
( E . C .  4 . 2 . 1 . 6 3 )  and glutathione-S-transferase ( E . C.  2 . 5 . 1 . 1 8 )  reviewed by 
Conney (1967) and Oesch (1973) . However it seems that in certain instances 
'detoxification' is a double-edged sword, for while some metabolites are conjugated 
and excreted, some reactive Phase I derivatives are formed which act as ultimate  
carcinogens.
The majority of investigations carried out on polycyclic aromatic hydro­
carbon metabolism have utilised benzo(a)pyrene as the substrate, and so this is the 
best understood carcinogenic hydrocarbon, but the pathways and reactions involved  
seem to be similar for a ll polycyclic aromatic hydrocarbons, and the resultant
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products are of the same type (Figure 1.2) .
By 1950, phenolic and quinone derivatives of several polycyclic aromatic 
hydrocarbons had been observed (reviewed by Clayson, 1962) in tissue preparations 
or excreta of animals fed the compounds. W ith  benzo(a) pyrene the most commonly 
detected metabolites are phenols and dihydrodiols although quinones which arise 
from the non-enzymic oxidation of phenols are also observed (Figure 1.3) . A  
number of phenolic derivatives of benzo(a) pyrene have been reported: the 1 - ,  3 - ,  
5 - ,  6 - ,  7 - ,  and 9-hydroxybenzo(a)pyrenes (Berenblum and Schoental, 1946;
Tarbell et a L , 1956; Falk e t a L , 1962; Kinoshita et a L ,  1973; and Croy et a l . ,  
1976), of which 6-hydroxybenzo(a) pyrene is a major transient metabolite that 
undergoes autoxidation to form the stable 1 , 6 - ,  3 ,6 -  and 6 , 12-benzo(a) pyrene 
diols (Lorentzen et a [ . , 1975) .
The dihydrodiols arise via the intermediate formation of epoxides of the 
type first suggested by Boyland (1950) . A t that time the K-region of polycyclic  
aromatic hydrocarbons, i . e .  the phenanthrene type double bonds (Figure S. l )  had 
been singled out by the Pullmans (1955) from calculations of electron densities as 
possible crucial sites in the interaction of the molecule w ith cellu lar constituents, 
and so the K-region epoxides were the first to be examined for carcinogenic 
a c tiv ity . These epoxides were found to be more active than their parent hydro­
carbons at transforming mouse fibroblasts in culture (Grover et a l . ,  1971;
Huberman et a l . ,  1972) and reacting with the macromolecules of fibroblasts in 
culture (Kuoroki et a [ . , 1971) . However, Boyland and Sims (1967) found the 
K-region epoxides to be less carcinogenic when subcutaneously injected into mice 
than the parent hydrocarbons. This, along with the work of Borgen et a L  (1973) 
who showed that the level of binding of the non-K-region 7 , 8-dihydrodiol far 
exceeded that of the other dihydrodiols, and which was expanded by Sims et a l .
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(1974) and Thompson et a [. (1976) indicated that the critical metabolism of the 
polycyclic aromatic hydrocarbons might occur a t non-K-region sites, and it is this 
theory, which is elaborated below, that is currently accepted.
Dihydrodiols arising from simple K-region epoxides have a trans 
configuration (Sims and G rover, 1974) as have the non-K-region dihydrodiols 
studied. The known metabolic dihydrodiols of benzo(a)pyrene; the tra n s -4 ,5 -; 
the tran s -7 ,8 - and the trans-9,10-dihydrodiols are mainly formed as the ( - )  -en an - 
tiomers by rodent liver microsomes (Thakk'er et a [ . , 1977) . Yang et a l.  (1977) 
have proposed that the dihydrodiol arises through two steps, a stereospecific oxy­
genation of the 7 ,8 -double  bond of benzo(a)pyrene to give essentially a single 
enantiomer of the 7 ,8 -ep o x id e , followed by stereospecific hydration of the 7 , 8 -  
epoxide by epoxide hydratase to give the ( - )  -trans-7 ,8-d ihydrod io l. It is probable 
that other hydrocarbons are metabolised in similar stereospecific ways. Both the 
K-region and non-K-region dihydrodiols were originally thought to be detoxi­
fication products, but the non-K-region dihydrodiols are now considered to be 
important in the reaction of polycyclic aromatic hydrocarbons w ith nucleic acids 
(Borgen et a I . ,  1973; S i m s e t a L ,  1974).
The non-K-region dihydrodiols a ll possess isolated o lefin ic  double bonds 
adjacent to the hydroxyl groups so that further metabolism of dihydrodiols can lead 
to epoxidation of these double bonds to give vicinal dihydrodiol epoxides. Booth 
and Sims (1974) first demonstrated the formation of a dihydrodiol epoxide via  the 
metabolism of the 8,9-dihydrodiol of benz(a)anthracene by rodent hepatic micro­
somes. The stereochemistry of these vicinal dihydrodiol epoxides and their parent 
dihydrodiols appears to be important as the ( - )  -enantiomer of 7 ,8 -d ih y d ro x y -7 ,8 -  
dihydro-benzo(a) pyrene is more active than the (+) -enantiomer a t in itiating skin 
cancer in mice (Levin et a l . ,  1977a), mutating V79 chinese hamster cells
(Huberman et a l . ,  1977), while the (+) -enantiomer is more active a t mutating 
Salmonella typhimurium in the Ames test (Thakker et a l . ,  1977) .
There is evidence that dihydrodiols also give rise to derivatives other than 
dihydrodiol epoxides. The 7,8-d ihydrodio l of benzo(a) pyrene is converted by 
microsomal enzymes into a phenolic derivative, probably 7 , 8 -d ih y d ro -6 ,7 ,8 -  
trihydroxy-benzo(a)pyrene (Thakker e t a l . ,  1977) . The 9 , 10-dihydrodioI, 
although not the 7 ,8 -d ihydrod io l, is dehydrogenated to the related catechol by 
rodent hepatic microsomes (Booth and Sims, 1976) . These pathways may be of 
importance as they may represent important detoxification rather than activation  
routes.
Microsomal mono-oxygenases add oxygen to the o le fin ic , non-K-region  
double bond adjacent to the hydroxyl group to yie ld  vicinal dihydrodiol epoxides. 
The dihydrodiols are trans and can yie ld  two dihydrodiol epoxide stereoisomers in 
which the epoxide is either cis (syn) or trans (anti) to the benzylic hydroxyl group. 
As there are two possible stereo configurations of the original dihydrodiol then 
there are four possible configurations for a vicinal dihydrodiol epoxide. However 
as the ( - )  -enantiomer of the dihydrodiol m etabolically predominates (Yang and 
G elboin, 1976a; Thakker et a l . ,  1977) it is only the syn and anti epoxides of 
this dihydrodiol that appear to be important (Figure 1.4) . Hulbert (1975) and 
Lehr et a l.  (1977) have pointed out that in the isomers where the epoxide oxygen 
is in the syn configuration anchimeric assistance to attack by nucleophiles is 
possible as the inter-atom ic distances are short enough for hydrogen bonding 
between the epoxide oxygen and the benzylic hydroxyl group to occur. This 
facilitates jin g  opening and formation of an electrophilic carbonium ion (for 
benzo(a) pyrene at C -10) . Thus this isomer would seem to be the most reactive, 
but in practice while the syn-isomers are more reactive in bacterial systems, the
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anti-isomers are more active in mammalian systems (Wood et a l . ,  1 97 7 a ). Due to 
their rapid hydration in aqueous solution the two 9 , 10-epoxide isomers of the 
( - ) - 7 , 8-dihydrodiol enantiomer of benzo(a) pyrene ((+ ) -  7p, 8a-d i hydroxy-  
9 a ,1 0 a -e o p x y -7 ,8 ,9 , lO-tetrahydrobenzo(a) pyrene, and ( - )  -7 p , 8a-dihydroxy- 
9p, 10p -ep o xy-7 ,8 ,9 ,  lO-tetrahydrobenzo(a)pyrene, the a n t i-  and syn-dihydrodiol 
epoxides respectively) have not been isolated from metabolism experiments, but 
examination of the resultant tetrols indicates that the major metabolite formed by 
rodent hepatic microsomes from a trans-7,8-dihydrodiol (presumably the ( - )  -  
enantiomer) was the anti-dihydrodiol epoxide (Huberman et a l . ,  1976) . Thakker 
et a l.  (1977) have shown that the metabolism of the 7 , 8-dihydrodiol is dependant 
on its stereochemistry, the ( - )  -enantiomer o f the dihydrodiol yielding 70-86%  of 
anti-isomer of the dihydrodiol epoxide and the (+) -enantiomer yielding 82-97%  of 
the syn-isomer.
Thus in the case of benzo(a) pyrene, the 7 ,8 -d ih y d ro x y -7 ,8 -d ih y d ro - 
9 , 10-epoxide is formed from the parent hydrocarbon by three stereoselective steps. 
The 7 ,8 -double  bond is epoxidised by mono-oxygenase enzymes to form the 7 , 8 -  
epoxide which is hydrated by epoxide hydratase to form mainly the ( - )  -trans- 
7 , 8-dihydrodiol and small amounts of the (+ )-enantiomer. The v ic inal 9 , 10-  
double bond is then epoxidised by mono-oxygenases to mainly the anti-isom er of 
the 7 , 8 -d ih y d ro -7 ,8 -d io l- 9 , 10-epoxide of the ( - ) -dihydrodiol and mainly the syn- 
dihydrodiol epoxide of the (+) -dihydrodiol (Figure 1.4) . The hydration of 
dihydrodiol epoxides to tetrols appears to be non-enzymic (Thakker e t a l . ,  1976) 
as does the in vitro reduction of the dihydrodiol epoxides to triols (Yang and 
G elboin , 1976) although it is not known whether these triols are formed in vivo .
. I . l . l v .  The interaction between polycyclic aromatic hydrocarbons and P N A
The role, if  any, of protein bound carcinogen derivatives in carcinogenesis 
has not been elucidated, although it  has been suggested that proteins may serve to 
transport the ultimate carcinogen across the cell (Sorof and Young, 1973;
M ain ig i and Sorof, 1977). The recognition o f the central role of D N A  as the 
genetic storehouse and of RNA in its translation focussed attention on the inter­
action of carcinogen with the nucleic acids. The first demonstration of such an 
interaction was reported by W heeler and Skipper in 1957, who demonstrated that 
from a nitrogen mustard became associated w ith the purine fraction of D N A  and 
RNA . In 1961 Heidelberger and Davenport showed that d ibenz(a,h)anthracene  
bound to the D N A  in mouse skin that had been treated with the hydrocarbon, and 
Brookes and Lawley (1964) reported that in mouse skin the binding of six polycyclic  
aromatic hydrocarbons to the D N A  (but not RNA or protein) was related to the 
Iball index of the compound (which is a measure of the carcinogenicity of the 
compound, Iball 1939) . Since then many hydrocarbons and other classes of 
carcinogen have been studied; protein, RNA and D N A  derivatives have been 
isolated, and correlations between the carcinogenicity of the compounds and their 
extents of binding to these macromolecules have been noted in many, but not a ll 
cases (M ille r  and M ille r , 1966; Goshman and Heidelberger, 1967; C avalieri 
and Rogan, 1974; and Heidelberger, 1975) . As the K-region epoxides were the 
first epoxides to be examined m etabolically, so their reactions with D N A  were the 
first to be studied. The K-region epoxides of phenanthrene and d ib e n z ( a ,h )  -  
anthracene were shown to react with D N A , RNA and protein without further 
metabolic activation , while their respective K-region dihydrodiols and the parent 
hydrocarbons did not (G rover and Sims, 1970) . Later Grover and Sims (1973) 
demonstrated that several K-region epoxides reacted mainly with the purine
i
moieties of nucleic acids and reacted similarly w ith polyribonucleotides in the 
order poly (G ) > poly (A) >  poly (X ) > poly ( I)  with insignificant reaction with  
poly (U ) and poly (C) . . Further studies showed the reaction of K-region epoxides 
to be mainly with the guanine base, but also with adenine, each base reacting to 
produce more than one adduct (Swaisland et a l . ,  1974; Blobstein et a l . ,  1975) . 
Jeffrey et a l.  (1976a) demonstrated that the K-region epoxide (5 ,6 -o x id e ) of
7 , 12-dimethylbenz(a) anthracene produced four products when reacted w ith poly(G ) . 
They went on to show (Jeffrey et a l . ,  1976b) that a ll four products constituted 
diasterioisomeric pairs which arose from reaction with the 2 -amino group of 
guanine, two products being the two enantiomers with the 6 -hydroxyI group trans, 
the other pair the two enantiomers w ith the 5-hydroxyl group trans.
As noted in section l . l . i i i ,  the K-region epoxides appeared to be more 
reactive than the parent hydrocarbons at binding to cellu lar macromolecules, 
transforming mouse fibroblasts in culture, and mutating a variety of systems 
including mammalian cells (Huberman e t a l . ,  1971), bacteriophage T2h+ (Cookson 
et a l . ,  1971) and bacteria (Ames et a l . ,  1972) . However, they are less 
carcinogenic than their parent hydrocarbons (Boyland and Sims, 1967; Flesher 
e t a l . ,  1976) and metabolic studies (Section l . l . i i i . )  indicated that they were not 
the epoxides involved in carcinogenesis. This has been substantiated by 
comparative D N A  binding studies. Baird et a l.  (1973) found that the chromato­
graphic elution profile on Sephadex L .H .2 0  of a hydrolysate of D N A  that had been 
reacted w ith 7 -methylbenz(a) anthracene-5, 6 -oxide was not the same as the profile  
obtained from a hydrolysate of D N A  isolated from mouse embryo cells that had been 
treated with 7 -m ethylbenz(a)anthracene. This was later confirmed for RNA as 
well (Baird et a l . ,  1976) . Similarly the K-region epoxide-D N A  adduct has not 
been observed in mouse skin or fibroblasts grown in culture that have been treated
w ith 7 , 12-dimethylbenz(a)anthracene (Bigger et a l . ,  1978) or mouse embryo cells 
treated with benzo(a)pyrene (Baird et a l . ,  1975) . Thus K-region epoxides were 
discounted as ultimate carcinogens, but it was known that non-K-region epoxides 
were formed by rodent hepatic microsomes, and underwent further metabolism to 
more polar products (Booth et a l . ,  1973) which could possibly account for the 
D N A  adducts seen in vivo which were more polar than K-region epoxide 
derivatives. Borgen et a l.  (1973) demonstrated that the non-K-region 7 , 8 -d i ­
hydrodiol of benzo(a) pyrene bound to D N A  after further metabolism by rodent 
hepatic microsomes to a far greater extent than other benzo(a) pyrene dihydrcdiols 
or the parent hydrocarbon. Sims et a l .  (1974) then showed that the adducts seen 
from hydrolysates of D N A  from cells treated with benzo(a) pyrene co-eluted on 
Sephadex L .H .2 0  with the products of hydrolysis of D NA reacted in vitro  w ith the 
synthetic 7 , 8 -dihydrodiol- 9 , 10-epoxide of benzo(a) pyrene. Sim ilarly Swaisland 
et a l.  (1974b) showed that the hydrolysis products of D N A  from hamster embryo 
cells that had been treated w ith benz(a) anthracene co-eluted with the products of 
the 'in  v itro1 reaction of the 8 ,9 -d ih y d ro d io I-1 0 ,11-epoxide of benz(a)anthracene 
with D N A .
1. 1 . v . The bay region and carbonium ion hypothesis
The suggestion that a carbonium ion derived from an arene oxide might be 
responsible for the reaction of polycyclic aromatic hydrocarbons with D N A  was put 
forward by Dipple et a l.  (1968) who originally considered the site to be the bond 
with the lowest bond localisation energy, i . e .  the K-region of Pullman and 
Pullman (1 9 5 5 ). However Dipple et a l . (1968) emphasised that for benzo(a) -  
pyrene a better correlation between calculated stability of the carbonium ion and 
carcinogenicity could be reached if the site of the carbonium ion was C -1 0 .
Quantum mechanical calculations predict that fo ra  given hydrocarbon, bay region 
carbonium ions on saturated angular benzo-rings should be formed more easily than 
non-bay region carbonium ions (Jerina et a l . ,  1976). Jerina and Daly (1977) have 
proposed that it is of structural importance in mutagenicity and carcinogenicity for 
the hydrocarbon to possess the epoxide (the opening of which facilitates carbonium 
ion formation) on a saturated angular benzo ring which forms part of the bay region
of the hydrocarbon. They demonstrated that substituents such as fluorine atoms
\
which might be expected to hinder the formation of a bay region carbonium ion, 
reduce the carcinogenicity of the hydrocarbon.
Saturation of the angular benzo ring may take place by metabolism, such as 
dihydrodiol formation, at the two carbon atoms most distal to the bay region of the 
angular benzo ring. In the case of benzo(a) pyrene these are C -7  and C - 8 . 
Dihydrodiol formation here provides a non-aromatic (o lefin ic) vicinal double bond 
between C -9  and C -1 0  in the bay region where epoxidisation can take p lace.
The importance of saturation of the ring followed by epoxidisation has been 
demonstrated. The 7 , 8 -dihydrodiol of benzo(a) pyrene is an active transforming 
agent in M 2 mouse cells but the 9 , 10-dihydrodiol is not (Marquardt et a l . ,  1976), 
similarly the 7 , 8 -dihydrodiol is a more active mutagen to S.typhimurium than the 
parent benzo(a) pyrene, but the 9 , 10 -dihydrodiol is less so (M a la ve ille  et a l . ,
1975). If the 9 ,1 0  bond of benzo(a)pyrene is saturated, the 7 ,8 -o x id e  and
7 , 8 -dihydrodiol lose their carcinogenicity (Levin et a l . ,  1976b; Levin et a l . ,  
1977b).
The 7 , 8 , 9 , 10-tetrahydro-9,10-epoxide is as mutagenic to S.typhimurium as 
is the syn- 7 , 8 -dihydrodiol- 9 , 10-epoxide of benzo(a)pyrene (Wood et a l . ,  1976a) 
while the bay region 9 ,10 -epoxide  of benzo(a)pyrene shows nothing like the 
mutagenicity of its 7 , 8 -d ihydro-9 ,10-ox ide  counterpart (W islocki et a l . ,  1976)
which is also more mutagenic than the 9 ,1 0  saturated 7 ,8 -o x id e  (Wood et a l . ,
1976a) . Similarly the trans-9 ,10-d ihydrodio I-anti- 7 , 8 -epoxide of benzo(a) -  
pyrene shows less mutating activ ity  in M 2 mouse fibroblasts or V79 chinese hamster 
cells than its isomeric bay region epoxide form, the tran s -7 ,8 -d ih yd ro d io l-an ti-
9 ,10 -epoxide (Marquardt et a l . ,  1977b).
I . l . v i  The metabolic activation and D N A  binding of benzo(a)pyrene
Grover et al . (1976) applied the 4 ,5 - ,  7 ,8 -  and 9 , 10-dihydrodiols of benzo- 
(a)pyrene topically to mouse skin and after 24 hours extracted the D N A  from the 
skin, hydrolysed it , and chromatographed it on Sephadex L .H .2 0 . O n ly  the
7 , 8 -dihydrodiol yielded D N A  adducts and these were chromatographically identical 
to those obtained from reacting the synthetic 7 , 8 -dihydrodiol- 9 , 10-epoxide w ith  
D N A  in vitro . Daudel et a l.  (1975) extracted D N A  from mouse skin which had 
been topically treated with benzo(a) pyrene, and reacted the synthetic benzo(a) -  
pyrene dihydrodiol and K-region epoxides with D N A  in vitro . They compared the 
fluorescence spectra of the resultant DNAs using a photon counting spectrofluoro- 
meter, and found that the bound D N A  adduct in mouse skin D N A  had the same 
fluorescence spectrum as D N A  treated in vitro with either of the dihydrodiol 
epoxides. In a ll cases the pyrene ring nucleus was intact, suggesting that 
metabolism of this nucleus is unnecessary for metabolic activation and that the 
important step is the metabolism of the 7 ,8 ,9 ,1 0  carbon area, consistent w ith the 
formation of a vicinal dihydrodiol-epoxide, although this evidence does not 
demonstrate whether it is the 7 , 8 -dihydrodiol- 9 , 10-epoxide or the 9 , 10-d ihydro- 
d io!- 7 , 8 -epoxide. In 1974 Sims et a l.  had shown that, when added to cells in 
culture, benzo(a) pyrene and its 7 , 8 -dihydrodiol both produced D N A  adducts that 
were chromatographically identical to the adduct produced in vitro by the
reaction of the 7 , 8 -dihydrodiol- 9 , 10-epoxide with D N A . W hile small amounts of 
adduct were produced by microsome mediated metabolism of the 9 , 10 -dihydrodiol, 
none were found when it was added to cells in culture, thus indicating that D NA  
binding occurs v ia  the 7 , 8 -dihydrodiol- 9 , 10-epoxide. King et a l.  (1976a) 
demonstrated that the nucleoside adducts due to the syn- or a n ti-7 , 8 -dihydrodiol -
9 ,10-epoxide  could be separated if borate buffer replaced water in the Sephadex 
L .H .2 0  chromatography system. They showed that rodent hepatic microsome 
mediated binding of the tran s -7 ,8 -dihydrodiol of benzo(a) pyrene occurred 
exclusively via the anti-dihydrodiol epoxide, and in baby hamster kidney cells 
predominantly via the anti-isom er. Using a similar system, Baird and Diamond
(1977) found that the length of time of exposure to the hydrocarbon effected which 
isomer was extracted bound to D N A  in hamster embryo cells. A t four hours the 
adducts were predominantly due to the syn-isomer, whereas after 24 hours they 
resulted from the anti-isom er. Remsen et a l.  (1977) have reported that both 
isomers are involved in the binding of benzo(a)pyrene to D N A  in mouse embryo 
fibroblasts.
Weinstein et a l.  (1976) demonstrated that one of the four major RNA 
nucleoside adducts found when bovine bronchial mucosa was incubated with benzo- 
(a)pyrene was chromatographically identical with the modified nucleoside obtained 
when poly(G ) was reacted in vitro w ith the trans-7 ,8 -d ih y d ro d io l-a n ti-9 ,1 0 -  
epoxide of benzo(a) pyrene. They reported that this adduct was due to covalent 
bonding between the CIO position of the hydrocarbon and the exocyclic 2 -amino 
group of guanine, which was confirmed by Jeffrey et a l.  (1976c) . Nakanishi et 
a l.  (1977) fin a lly  established the stereo-configuration of this adduct and proved 
that it derived from the ( - )  -tra n s -7 ,8 -dihydrodiol (Figure 1.5) . ( I t  should be 
noted that the in vitro binding of the tran s -7 ,8 -d ihydrodio l-syn-9,10-epoxide to
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Fig.1-5 Metabolic pathway leading to the formation of th e  m ajor  
benzo(a)pyrene-guanine adduct.
poly(G ) is also via C IO  of the hydrocarbon and the 2-amino group of guanine 
(Koreeda e t a l . , 1 9 7 6 )).
Meehan et a l . (1977) reported that 92%  of the products of reaction of the 
anti-benzo(a) pyrene dihydrodiol epoxide with D N A  were due to covalent bonding 
with deoxyguanosine, with minor interaction with deoxyadenosine and deoxy- 
cytidine. They also demonstrated that only one optical enantiomer of the 
dihydrodiol epoxide reacted via microsome mediated metabolism of benzo(a) pyrene, 
probably by trans addition to the N - 2  group. Osborne et a l.  (1976) have 
proposed that the benzo(a) pyrene anti-dihydrodiol epoxide reacts w ith D N A  to 
produce a deoxyguanosine adduct analogous to that of guanosine in R N A .
Jeffrey et a l.  (1977) have compared RNA and D N A  adducts formed when human 
bronchial explants are treated with benzo(a) pyrene and found that in D N A , as in 
RNA, the tran s -7 ,8 -d ihydrodio l-anti- 9 , 10-epoxide bound to the exocyclic
2-amino group of deoxyguanosine via the CIO of the hydrocarbon on trans opening 
of the epoxide ( c . f .  Figure 1.5) . They found four RNA adducts which resembled 
those found by Weinstein e t a l .  (1976) in bovine bronchial tissue, w hile the 
chromatographic profiles of DNA nucleoside adducts consisted predominantly of one 
peak, closely resembling the adduct isolated from the reaction of tran s -7 ,8 -  
dihydrodio l-anti-9,10-epoxide w ith poly (d G ) .
W hile the syn-isomer of the tran s -7 ,8 -dihydrodiol- 9 , 10-epoxide has been 
reported as binding to D N A  (Baird and Diamond, 1977; Remsen et a l . ,  1977) the 
anti-isomer is more often seen as predominating or being the exclusive adduct.
This may be accounted for by a number of reasons: the stereospecificity of the 
mono-oxygenase system in producing more of the anti-isomer (Thakker et a l . ,
1977); the greater lab ility  of the syn-isomer (Yagi e t a l . ,  1975) which may react 
before reaching the D N A  and so react in a lesser amount w ith the D N A  than the
anti-isom er. F ina lly , the syn-isomer may be preferentially repaired (Baird and 
Diamond, 1977) . Similar factors may regulate the differences seen in the binding 
to RNA where a greater number of adducts are observed than in D N A .
As well as adduct formation a t the exocyclic 2 -amino group of guanine, the 
trans-7 ,8 -d ihydro-anti- 9 , 10-epoxide of benzo(a) pyrene aryl-alkylates the N -7  
position of guanine (Osborne et a l . ,  1978) . Because this adduct is rapidly lost at 
neutral pH it is not detected when the D N A  has passed through normal isolation 
proceedures. Reaction with D N A  by both syn- and anti-isomers results in a 
limited amount of depurination (Shooter et a l . ,  1977) . The syn-dihydrodiol-  
epoxide has been shown to ary l-a lky la te  inorganic phosphate (Thakker et a l . ,
1976) and possibly produce labile phosphotriesters by ary l-a lky la ting  the phospho- 
diester linkages of PoIy(G) (Koreeda et a l . ,  1976) . Moore e t a l.(1 9 7 7 ) have 
shown that the anti-isomer can react with phosphate groups. Both isomers cause 
strand scissions in superhelical D N A  in vitro (Gamber et a l . ,  1977) probably via  
phosphotriesters, hydrolysis of which would cause the D N A  to be cleaved.
However in a study with bacteriophages R17 and T7 Shooter et a l.  (1977) did not 
note any reaction with the phosphate groups of the nucleic acid by either the syn- 
nor a n t i -7 ,8 -dihydrodiol- 9 , 10-epoxides, but scission of superhelical D N A  due to 
a ry l-a lky  lation of the phosphodiester bonds is supported by Kakefuda and Yamamoto
(1978) . They also present evidence that the tran s -7 ,8 -d ih y d ro d io l-a n ti-9 ,1 0 - 
epoxide binds to deoxyadenosine in D N A . W hile  this binding accounts for less 
than one tenth of the amount binding to deoxyguanosine, by analysis of the 
products of SI nuclease and DNase treatment, the authors maintain that the great 
proportion of deoxyguanosine binding causes little  conformational change, whereas 
the adenine binding causes local denaturation, presumably because binding to the 
exocyclic 6 -amino group of adenine destabilises the hydrogen bonding w ith
thymidine. Meehan and Straub (1979) reacted racemic a n ti-7 , 8 -d ihydroxy-
9 , 1 0 -ep o x y -7 ,8 , 9 , 10-tetrahydro benzo(a) pyrene (the anti dihydrodiol epoxide) 
w ith double stranded calf thymus D N A  'in  v itro1 along with resolved optical 
enantiomers. Eighty-six per cent, of the binding by the racemate was due to the 
( + ) -anti-isom er binding to deoxyguanosine, only 4%  being due to the ( - )  -a n t i­
isomer binding to deoxyguanosine. O f  the remaining 10% , 5%  was due to the 
(+) -enantiomer and 5%  due to the ( - )  -enantiomer, each binding to deoxyadenosine. 
Thus in double stranded DNA there is stereoselectivity in the binding of the ( - )  
and (+) enantiomers of the anti-dihydrodiol-epoxide to deoxyguanosine which 
does not exist for deoxyadenosine, suggesting a different mechanism by which the 
dihydrodiol epoxide binds to the different bases. Denaturation of double stranded 
D N A  to single strands resulted in the abolition of the stereoselectivity of binding to 
deoxyguanosine.
There is a wealth of biological data supporting the concept that the 7 ,8 -  
dihydrodiol- 9 , 10-epoxide is the ultimate carcinogenic form of benzo(a) pyrene.
The 7 ,8 -epox ide  has been shown to be an active carcinogen towards mouse skin, 
while the 4 ,5 -epoxide  was only weakly carcinogenic and the 9 , 10-epoxide not at 
all (Levin et a l . ,  1976a) . The 7 , 8 -dihydrodiol has been shown to be a more 
active carcinogen to mouse skin (Levin et a l . ,  1976b; Levin et a l . ,  1977b), 
inducer of malignant transformation in cells in culture (Marquardt et a l . ,  1976; 
Mager et a l . ,  1977) and more mutagenic towards Salmonella typhimurium in the 
Ames' test than its parent hydrocarbon in the presence of rodent hepatic micro­
somes (M a lave ille  e t a l . ,  1975), the ( - ) -tra n s -7 ,8 -dihydrodiol seemingly more 
potent than the (+) -enantiomer at tumour initiation (Levin et a l . ,  1977a) .
The dihydrodiol epoxides themselves are more active than the parent hydro­
carbon at transforming V79 hamster embryo cells (M ager et a l . ,  1977), the a n ti­
isomer being the most active in mammalian systems (Huberman et a l . ,  1976;
Mager et a l . ,  1977), while the syn-isomer is more active in S.typhimurium (Wood 
et a l . ,  1976a) . Wood et a l.  (1977a) demonstrated that the two epoxide 
derivatives of the ( - )  -tra n s -7 ,8 -dihydrodiol, the (+) -anti-dihydrodiol epoxide and 
the ( - )  -syn-dihydrodiol epoxide were both more mutagenic in V79 cells and 
S.typhimurium than their respective optical enantiomers deriving from the (+) -  
enantiomer of the trans-7 ,8 -dihydrodiol. They also demonstrated that in 
S.typhimurium the most mutagenic metabolite was the ( - )  -tra n s -7 ,8 -dihydrodiol-  
syn- 9 , 10-epoxide, while in V79 cells it was the ( + ) -tra n s -7 ,8 -d ihydrod io l-an ti-
9 , 10-epoxide. Interestingly both syn- and anti-dihydrodiol epoxides show less 
carcinogenicity than the parent hydrocarbon, but this may be due to their greater 
reactiv ity, preventing them reaching the target. Slaga et a l.  (1979) found that 
neither of the two syn isomers produced tumours on mouse skin. The (+) -a n t i-  
isomer was 60% as active as the parent hydrocarbon, the ( - )  -anti-isom er was 2 %  
as active , and the racemate of the two a n t i -7 ,8 -dihydrodiol- 9 , 10-epoxides was 
25% as active as benzo(a) pyrene a t in itiating tumours.
I . l . v i i  The metabolic activation and D N A  binding of benz(a)anthracene
Swaisland et a l.  (1974) demonstrated that the nucleoside adducts from the 
hydrolysed D N A  of cells that had been treated w ith benz(a)anthracene eluted from 
Sephadex L .H .2 0  in the same fractions as the nucleoside adducts obtained from the 
in vitro reaction of the non-bay-region tra n s -8 ,9 -d ih y d ro d io l-a n ti-1 0 ,11-epoxide. 
A  year later M a lave ille  et a l.  (1975) showed that the trans-8,9-dihydrodiol was 
more mutagenic towards S.typhimurium than the parent hydrocarbon, and that the
8 ,9 -d ih yd ro d io l-10 , 11-epoxide was mutagenic without further metabolism. 
However, Wood et a l.  (1976b) showed that the 3,4-dihydrodiol in the presence of 
a purified mono-oxygenase system was far more mutagenic in S.typhimurium than 
the parent benz(a) anthracene or the four other possible trans-dihydrodiols 
including the 8 ,9 -d ihydrod io l. Moreover Wood et a l . (1977b) demonstrated that 
the 3,4-dihydrodiol is far more active at initiating tumours in mouse skin than 
benz(a)anthracene itself, while the other dihydrodiols are less active than the 
parent hydrocarbon. Interestingly the 3,4-dihydrodiol represents only 5%  of the 
dihydrodiols formed by microsomally mediated metabolism, the vast majority being 
the 8,9-dihydrodiol w ith no K-region epoxide being noted (Thakker et a l . ,  1979) . 
Both syn- and anti-isomers of the 3 ,4 -d ih yd ro d io l-l,2 -ep o x id e  are substantially 
more mutagenic towards both S.typhimurium and V79 chinese hamster cells than the 
corresponding isomers of either the 8 ,9 -d ihydrod io l-10 ,11  -epoxide or 1 0 ,1 1 -  
dihydrodio l-8 ,9-epoxide, suggesting that the 3,4-dihydrodiol w ith a vicinal 
epoxide in the bay region is the ultimate reactive form of benz(a)anthracene (Wood 
et a l . ,  1977c). In a comprehensive study of the tumour in itiating a b ility  of 
benz(a) anthracene and several of its benzo ring derivatives on mouse skin, Levin 
e t a l .  (1978) showed that both the 3 ,4 -d ih yd ro xy-1,2 -e p o x y - l ,2 ,3 ,4 - te t r a -  
hydrobenz (a) anthracene diastereoisomers in which the epoxide oxygen is either 
cis or trans to the benzylic-4-hydroxyI group were ten to forty times as active as 
the parent compound, the trans derivative showing 2 to 3 times the ac tiv ity  of the 
syn. The immediate metabolic precursor, trans-3 ,4 -d ihydroxy-3 ,4 -d ihyd ro benz- 
(a) anthracene had intermediate tumourigenic activ ity  between the cis-  arid trans-  
dihydrodiol epoxides and was 20 times as active as benz(a)anthracene. Resolution 
of the racemic trans-3,4-dihydrodiol into its optical enantiomers revealed that the 
( - )  -enantiomer was five times as active as the (+) -enantiomer. 3 , 4 -d ihydro- 
benz(a) anthracene was found to be the most potent tumourigenic agent used in the
study, but saturation of the 1 , 2 -double bond to give 1 , 2 -dihydrobenzo(a) -  
anthracene resulted in only a weak tumourigenic agent. Based on these results 
the authors postulate that the ultimate carcinogenic metabolite of benz(a)anthracene 
is either or both of the diastereomeric dihydrodiol bay region epoxides: the trans- 
3a,4p-d ihydroxy-syn-lp ,2p -epoxide  or the tra n s -3 a ,4 p -d ih y d ro xy -a n ti-la ,2a - 
epoxide.
The apparent anomaly presented by the results of Swaisland et a l.  (1974) may 
be explained by a lack of resolution on Sephadex L .H .2 0  of nucleoside adducts of 
positional isomers of a diol epoxide (Tierney et a l . ,  1977) .
I . l . v i i i  The metabolic activation and D N A  binding of 7 , 12-dim ethylbenz(a) -  
anthracene
Vigny et a l.  (1977) found that fluorescence emission spectra of D N A  bound
7 . 12 -dimethylbenz(a) anthracene in mouse skin were characteristic of a substituted 
anthracene nucleus implying metabolism of the 1 ,2 ,3 ,4  ring. This confirmed a 
similar finding made by Moschel et a l.  (1977) on nucleoside adducts isolated by 
hydrolysis of D N A  extracted from mouse embryo cells that had been exposed to
7 . 1 2 -dim ethylbenz(a)anthracene. Ivanovic et a l.  (1978) have presented fluor­
escence spectroscopic evidence that neither the 7 ,8 ,9 ,1 0  nor the K-region of
7 . 12-dimethylbenz(a)anthracene is involved in its binding to D N A .
Flesher et al .(1976) demonstrated that K-region epoxides of 7 , 1 2 -d im eth y I- 
benz(a)anthracene did not in itiate tumour formation and Marquardt et a l.(1 9 7 6 ) 
showed that the 8,9-dihydrodiol of 7 , 12-dimethylbenz(a) anthracene was a more 
potent transforming agent towards mouse M 2 cells than the parent hydrocarbon, 
but no other dihydrodiol was tested., M a lave ille  and Bartsch (1978) however, 
tested the 3 ,4 - ,  5 , 6 - ,  8 ,9 - ,  and 1 0 ,1 1 -dihydrodiols for mutagenicity towards
S.typhimurium. A t non toxic concentrations and in the presence of rodent liver  
microsomes the 3,4-dihydrodiol was far more mutagenic than the parent hydro­
carbon, the 8,9-dihydrodiol was less mutagenic than the parent hydrocarbon and 
the remaining dihydrodiols were v irtually  inactive. Taken together this evidence 
suggests that binding occurs through metabolism of the bay region containing 
1 ,2 ,3 ,4 -r in g . Utilising enzyme inhibitors, Dipple and Nebzydoski (1978) have 
concluded that the formation of atrans-dihydrodiol is a necessary step in the 
metabolic pathway leading to D N A  binding of 7 , 12-dimethylbenz(a) anthracene, 
and that this occurs via the generation of two stereoisomeric v icinal dihydrodiol 
epoxides which they speculate are probably the diastereoisomers of the 3 ,4 - d i -  
hydrodiol-1, 2 -epoxide (the bay region dihydrodiol epoxide) .
Blackburn et a l.  (1975) have presented evidence that the 7-m ethyl group 
of the 7 , 12-dimethylbenz(a)anthracene D N A  adduct is metabolised; the hydroxy- 
lation of methyl groups in 7 , 12-dimethylbenz(a)anthracene being well established 
(Boyland and Sims, 1965) . This has led Ivanovic et a l.  (1978) to suggest that 
hydroxylation of the 7-methyl group may proceed metabolic activation of the 
aromatic 1,2 ,3 ,4 - r in g  of 7 , 12-dim ethylbenz(a)anthracene. However Dipple et 
a l.  (1979) have compared the binding to D N A  of 7-hydroxym ethyl-12-m ethylbenz- 
(a) anthracene and 7 ,1 2-dimethylbenz(a) anthracene mediated by mouse embryo 
cells in culture or by rodent hepatic microsomes. The products formed were 
different for the two compounds, although both were activated to bind through the 
formation of a dihydrodiol epoxide in the 1 , 2 , 3 , 4 -r in g , thus suggesting that the 
activation of 7 , 12-dimethylbenz(a)anthracene does not involve a prelim inary  
conversion to the hydroxymethyl derivative. This is supported by Huberman et a l.
(1979) who examined the mutagenicity o f 7 , 12-dimethylbenz(a) anthracene and 
eleven of its metabolites towards chinese hamster V79 cells. They found that
7 , 12-dimethylbenz(a) anthracene, 7-hydroxym ethyl- 12-m ethyl-benz(a) anthracene,
7 -methyl-12-hydroxym ethylbenz(a) anthracene and their 3,4-dihydrodiols were 
mutagenic, but the 3,4-dihydrodiol of 7 , 12-dimethylbenz(a)anthracene was the 
only metabolite more mutagenic than 7 , 12-dimethylbenz(a)anthracene itself.
1.1 . ix  The metabolic activation and D NA binding of 3-methylcholanthrene
Vigny et a l.  (1977) extracted the D N A  from mouse skin which had been 
treated with 3-methyl cholanthrene and examined its fluorescence spectrum. It 
proved to be characteristic of anthracene suggesting the involvement of the
7 ,8 ,9 ,1 0 -r in g  in the binding of this hydrocarbon to D N A . King et a l.  (1977) 
extracted and hydrolysed D N A  from mouse embryo cells that had been treated with  
3-methyl cholanthrene. Sephadex L .H .2 0  chromatography yielded five adduct 
peaks, each ofwhich had a fluorescence spectrum characteristic of anthracene, 
but not phenanthrene, confirming that metabolic activation involves the 7 ,8 ,9 ,1 0 -  
ring. The K-region 1 1 ,12-oxide was shown not to be involved in adduct formation 
as the product obtained from reaction of D N A  with the synthetic 1 1 ,12-oxide  
differed both chromatographically and fluorim etrically from adducts obtained from 
cells in culture. Two metabolites formed on incubation of 3-methyl cholanthrene 
with rodent liver microsomes, tentatively assigned the structure of 9 , 10-dihydrodiols, 
gave on further metabolism in the presence of D N A  adducts chromatographically 
similar to some of those found in the D N A  isolated from cells. The authors there­
fore suggested that the reactive ultimate metabolite is the bay region 9 , 10-dihydro- 
dio l- 7 , 8 -epoxide, and the number of adducts are due to additional hydroxylation 
of the extranuclear carbons at positions 1 and 2 and the methyl group at position 3 . 
King et a l .(1978) confirmed that the two metabolites reported in the previous study 
are indeed both 9 , 10-dihydrodiols of 3-methylcholanthrene, one being either the
1-hydroxy or 2-hydroxy derivative thereof. This is supported by the findings of 
Thakker et a l.  (1978a and 1978b) that a major metabolite produced by micro­
somal metabolism, 1 -hydroxy- 3 -methylcholanthrene, which accounts for 32-57%  
of microsomally produced metabolites is further metabolised to a number of products 
including four dihydrodiols of which the two major dihydrodiols are diastereomeric- 
a lly  related 9 , 10-dihydrodiols of 1 -hydroxy-3-m ethylcholanthrene, w ith the non 
aromatic double bond in the bay region. They present preliminary evidence that 
the enantiomer in which the 1-hydroxyl group is cis to the angular benzylic C -1 0  
hydroxyl group is ten times as mutagenic towards S.typhimurium in the presence of 
rodent liver microsomes than the parent 3 -methylcholanthrene.
1 .1 .x  The metabolic activation and D N A  binding of 1 5 ,1 6 -d ih y d ro -ll-m e th y l-
cyclopenta(a) phenanthren-17-one and its non carcinogenic isomer
1 5 ,16-d ihydro-l 2-m ethyl-cyclopenta(a) phenanthren-17-one
The possibility that polycyclic aromatic hydrocarbons may act by occupying 
the same receptor sites as steroid hormones was raised by Yang et a l .(1961) when 
these authors noted a close steric relationship between several classes of steroid 
hormones and some potent polycyclic aromatic hydrocarbons. The cyclopenta(a) -  
phenanthrene series of hydrocarbons have the same nuclear ring structure as steroids, 
but with the three polycyclic rings unsaturated (Figure .1.1) . This aromatisation 
requires the loss of the two angular 18 - and 19-methyl groups which, in the case of 
androsterone would result in 3-hydroxy-15,16-dihydrocyclopenta(a) phenanthren- 
17-one. In nature, loss of the 19-methyl group and aromatisation of the A  ring is 
known to occur when oestrone is formed from androsterone. A  precedent for 
aromatisation of the A  and B ring and loss of the 3-hydroxyl group is given by
3-deoxyequilenin, a steroid found in mare's pregnancy urine (M arker and Rohrman, 
1939) . H ill et a I . (1971) proposed that enteric anaerobic bacteria might be
capable of metabolising steroids to carcinogenic metabolites leading to interest in 
the cyclopenta(a)phenanthrene series.
A  number of studies have shown that various substitutions of methyl groups 
around the 1 6 ,17-dihydrocyclopenta(a) phenanthrene ring system (itse lf not a 
carcinogen) may confer carcinogenic ac tiv ity  (Butenandt and Dannenberg, 1953; 
Dannenberg, 1960) . Coombs and Croft (1969) demonstrated that the most potent 
series was the substituted 1 5 ,16-dihydrocyclopenta(a) phenanthren-17-ones. O f  
the possible single methyl isomers (the 1-methyl has not been synthesised) the 7 -  
and 11-methyl derivatives are active ly  carcinogenic while the 2 - ,  3 - ,  4 - ,  6 -  and 
12-methyl isomers are inactive (Coombs and Croft, 1969; Coombs et a l . ,  1973) .
However, aromatisation of the C ring is not known in nature and steroid 
like compounds bearing the methyl substitutions necessary for carcinogenic activ ity  
are not known as natural products, nor are biosynthetic pathways such as abnormal 
cyclisation of squalene or one-carbon methylation of a preformed steroid structure 
which might lead to them. The cyclopenta(a) phenanthrenes are noteworthy, 
however, because of the large range of methyl isomers which have such a wide 
range of carcinogenic ac tiv ity , and thus form an interesting model system. 
According to the dihydrodiol-bay region epoxide hypothesis the 2 - ,  3 -  and 4 -  
methyl derivatives would be expected to be inactive as the methyl group would 
hinder metabolism of the 1 ,2 ,3 ,4 -r in g . However, why the 7-m ethyl derivative is 
a carcinogen while the 6 -methyl is not, or the 11 -methyl is an active carcinogen 
w hile the 1 2 -methyl is inactive is not explained by this hypothesis.
Coombs et al.(1979a) have demonstrated that DNA extracted from mouse 
skin treated topically with 1 5 ,16-d ihydro-l 1-m ethyl-cyclopenta(a) phenanthren- 
17-one, from treated mouse embryo cells, or from incubation with rodent hepatic 
microsomes, when hydrolysed possesses a main adduct peak which from a ll three
generating systems is chromatographically the same.
D N A  binding studies on metabolites from rodent microsome mediated 
incubation, separated by high pressure liquid chromatography and reincubated w ith  
microsomes and D N A  show that this adduct arises via the 3 ,4 -d ih y d ro -tra n s -3 ,4 -  
dihydroxy metabolite which is also the strongest mutagen to S.typhimurium of the 
metabolites. As borate buffer increases the mobility of the adduct on Sephadex 
L .H .2 0 , a cis-diol system must exist and as the 3 ,4 -d io ! is trans the authors 
propose that the ultimate carcinogen is a 1,2 -d ih y d ro -l ,2 -e p o x y -3 ,4 -d ih y d ro - 
tra n s -3 ,4 -d io l. There also exists a lesser earlier running adduct peak, probably 
a 15- or 16-hydroxy metabolite of the dihydrodiol epoxide (Coombs et a l.  1979b) . 
The 12-methyl derivative binds to D N A  in vitro approximately one tenth as much 
as the 11-methyl isomer, yet shows 50%  of the binding of the 11-methyl isomer to 
D N A  in cells in culture and shows a similar Sephadex L .H .2 0  profile of adducts, 
suggesting similar dihydrodiol epoxide formation (unpublished results) . However, 
the 12-methyl compound is totally  inactive as a mutagen towards S.typhimurium in 
the Ames' test, whereas the 11-methyl derivative is highly mutagenic (Coombs et 
a l . ,  1976).
1. 1 . xi The distribution of binding of polycyclic aromatic hydrocarbons to D N A
As has been illustrated there is now a wealth of information regarding the 
metabolic activation of polycyclic aromatic hydrocarbons and their degree and 
mechanisms of binding to D N A , and for benzo(a) pyrene absolute configurations of 
the main D N A  and RNA adducts have been ascribed. However, apart from the fact 
that guanine appears to be the main target, little  is known about the distribution of 
binding in D N A . One of the first attempts to tackle the problem was made by 
Zeiger et a l.(1972) who applied 7 ,1 2-dim ethylbenz(a) anthracene top ically  to
mouse skin and then isolated main band (mainly unique non-repeating sequences) 
and satellite (copies of repeat sequences) D N A  by electrophoresis. They found 
that the carcinogen bound per unit D N A  to both species in equal amounts.
However, Meunier and Chauveau (1973) found that when calf thymus D N A , which 
had benzo(a) pyrene bound due to microsomal activation, was split into main band 
and several satellite DNAs, a ll the satellite DNAs showed slightly higher binding 
than the main band D N A , although no one satellite band had a significantly  
higher binding than any other, the differences possibly being a reflection o f the 
different guanine contents o f the different species. Mengle et a l.  (1978) found 
that when benzo(a) pyrene dihydrodiol epoxide reacted with Simian virus D N A , the 
six restriction fragments obtained by treatment w ith Hind III had a binding 
proportional to the guanine content of the fragment.
Bowden et a l.(19 7 4 ) reported that 7 , 12-dimethylbenz(a)anthracene binds 
to both replicating and non-replicating D N A  in mouse skin, but preferentia lly  to 
non-replicating D N A . Shoyab (1979) found that inhibitors of D N A  and RNA  
formation did not effect the extent of binding of 7 , 12 -dim ethylbenz(a) anthracene 
to D N A  when added to mouse cells in culture. Moses et al (1 9 7 6 ), Spelsburg et 
a l.(1977 ) and Zytkovic et a l.(19 7 7 ) have demonstrated that 3-m ethylcholanthrene, 
dibenz(a,h)anthracene and benzo(a)pyrene bind in mouse embryo cells predomin­
antly to a nuclear subfraction obtained by mechanical shearing and gradient 
centrifugation which Webster et a l.  (1976) have shown represents the m ajority of 
the transcriptionally active part of the chromatin.
Microsomal mediated metabolism of benzo(a) pyrene in the presence of ca lf 
thymus nuclei results in preferential binding to the nuclease accessible D N A  
spacer regions of chromatin (Jahn and Litman, 1977) . M etzger et a l.(1 9 7 7 )  
using nuclease digestion techniques concluded that binding of N -h yd ro x y -2 -am ino-
fluorene to chromatin was not random and that the transcriptionally active region 
is probably the first to be modified. Yamasaki et a l.(19 7 8 ) demonstrated by 
nuclease studies that when benzo(a) pyrene dihydrodiol epoxide reacted with  
chromatin, 65% was bound to the D N A  in the open regions and 35% in the closed 
regions. They also reacted purified duck reticulocyte D N A  with the benzo(a) -  
pyrene dihydrodiol epoxide. The modified D N A  was slightly more susceptible to 
partial digestion by single strand specific endonuclease S] than unmodified D N A , 
suggesting slight denaturation of the helix at sites of modification. However when 
chromatin was reconstituted in vitro utilising this carcinogen modified D N A  and 
unmodified chromatin associated proteins, this reconstituted chromatin showed the 
same kinetics and extent of digestion by staphylococcal nuclease and similar 
nucleosome profiles on density gradient centrifugation as native chromatin or 
chromatin reconstituted with unmodified D N A . Further polyacrylamide gel 
electrophoresis of D N A  fragments obtained from nuclease digests of the reconstituted 
chromatins suggested that the chromatin containing carcinogen modified D N A  had 
the same subnucleosome structure as that reconstituted with unmodified D N A .
They conclude that while benzo(a) pyrene binding to D N A  may produce local helix  
distortion, this modification does not appear to interfere w ith the a b ility  of the 
D N A  to associate with histones or to form nucleosome structures.
1.2 . Mitochondria
I . 2 . i .  General background and distribution
Mitochondria are granular or filamentous organelles present in the cyto­
plasm of plants and animals, characterised by a number of morphological, bio­
chemical and functional properties such as size and shape, structural organisation 
and content of a large number of enzymes and co-enzymes. The cellu lar function 
of mitochondria is primarily to produce cellu lar energy transformations by extracting  
the energy held in the degradation products of nutrient molecules and converting it 
by phosphorylation into the high energy phosphate bond of adenosine triphosphate 
(A T P ).
These organelles were first observed in the middle o f the nineteenth century 
by workers such as Henle (1841) who saw, using the light microscope, granules in 
muscle myofibrils. In 1894 Altmann called such granules bioblasts (De Robertis et 
a l . ,  1970), the term mitochondrion meaning thread granule being introduced in 
1897 by Benda (De Robertis et a l . ,  1970) . Lewis and Lewis (1914) demonstrated 
that mitochondria in cultured cells were sensitive to metabolic conditions and in 
1948 Hogeboom et a l .  established that they were the site of cellu lar respiration.
The study of mitochondria probably gained its greatest impetus when, in the 
early 1950's, Palade (1952) and Sjostrand (1953) using the new techniques of thin 
sectioning for electron microscopy independently demonstrated that the organelles 
consisted of an organised array of membranes. Generally each mitochondrion 
consists of a lim iting outer membrane, w ithin which is a peripheral inner membrane 
enclosing an inner electron dense area, the m atrix, within which lie  a variable  
number of membranous structures called cristae mitochondriales (cristae) . In 
section the cristae appear to either lie  free or to be associated or continuous w ith
the inner membrane (Sjostrand, 1953; Sjostrand and Rhodin,1953) and they are 
accepted as being infoldings of the inner membrane. The cristae thus contain an 
intracristal space which is continuous w ith the peripheral space between the inner 
and outer membranes.
The shape of the mitochondria is variable (Haidar et a L , 1966) but generally  
they are filamentous or granular but many other derived forms may be seen depending 
on the functional stage. The size of mitochondria is also variab le. In most cells 
the diameter is re la tive ly  constant (about 0.5pm) and the length variab le, reaching 
about 7pm m axim ally. However this is dependent on the physiological state of the 
cell and the physical properties of the extracting and fixing medium. S im ilarly the 
cristae are seen to have a variety of shapes, but may be generally classified as 
lam ellar (the commonest form ), tubular or tubulosaccular. It is possible that cristae 
do not have a fixed shape in v ivo , certainly considerable changes in their appearance 
may be induced in vitro (Andre, 1959; Rouiller, 1960) . W hile the morphology of 
mitochondria may vary from one cell to another, it is more or less constant in cells of 
a similar type or in those performing the same function. Those cells w ith the greatest 
sustained demands for energy transduction as a rule have the greatest cristae membrane 
surface area.
The mitochondrial content of different types of cell is highly variab le , but 
only a few , notably the colourless algae Leucothrix and Vitreoscilla are devoid of 
mitochondria (Webster et a l . ,  1967) . Some cells such as mammalian erythrocytes or 
the spermatozoa of the isopod Asellus militarus in itia lly  possess mitochondria, but lose 
them during differentiation (M unn, 1974) . The flagellate Cromulina pusilla has 
only one small mitochondrion (M anton, 1959). Peripheral rat liver cells have an 
average of 1 ,060  mitochondria while the central cells have 1 ,600  (Loud, 1968) .
The giant multinucleate amoeba Chaos chaos and the ova of the sea urchin
Lytechinus pictus contain many hundreds of thousands of mitochondria (M unn, 1974) . 
W ithin the cell the mitochondria can usually move freely , presumably carrying ATP 
where needed, but in some circumstances they are permanently located near the 
region of the cell with the greatest energy demand. This occurs in certain muscle 
cells such as those of the diaphragm where they form braces around the I bands of 
the microfibrils. In the kidney, mitochondria are intimately related to infoldings 
of the plasma membrane in the cells of the nephron tubules. This close relationship 
w ith the membrane is probably related to the energy requirements necessary for the 
active transport of water and solutes (De Robertis et a l . ,  1970) .
W ith  a few exceptions the mitochondrion appears to be an organelle found in 
a ll aerobic eukaryotic cells. The sim ilarity in structure of the mitochondria in a ll 
species was probably developed at an early stage of evolution and has been sub­
sequently transmitted without considerable modification from protozoa to the mammals. 
The constancy of structure is probably due to its intimate relation w ith function. If 
this function is disturbed changes occur that affect the whole c e ll. HeLa cells 
grown in suspension culture in the presence of ethidium bromide (which disturbs mito­
chondrial ribosome formation) or chloramphenicol (which inhibits mitochondrial 
protein synthesis on mitochondrial ribosomes) show a doubling of generation tim e. 
A fter four cell cycles growth ceases altogether, and obvious cellu lar disintegration 
sets in . Prior to this the mitochondrial cristae membranes become depleted and 
greatly distorted (Lenk and Penman, 1971) . Certain facultative anaerobes such as 
Yeasts can survive with functionally incomplete mitochondria such as the rho" 
mutants (Ephrussi, 1952; Ephrussi et a [ . , 1956), but it appears that only highly 
differentiated mammalian 'dead end' cells such as erythrocytes can exist for any 
length of time without functional mitochondria.
1 .2 . i i .  Chemical composition
a) Proteins
The bulk of the dry mass of mitochondria is composed of protein. W ith  the 
possible exception of the so-called structural and core proteins, the protein present 
in mitochondria consists of enzymes and functionally related cytochromes and 
carrier proteins (reviewed by Munn, 1974).
Some 120 enzymes are commonly found associated w ith mitochondria of 
which 37% are oxidoreductases, 10% ligases and less than 9%  hydrolases (although 
it  must be remembered that many of these enzymes may be found in other parts of 
the cell and that the content of enzymes varies w ith nutritional state and from tissue 
to tissue) . The enzymes are involved mainly in energy transformation pathways.
The three major foodstuffs of the cell (carbohydrate, fat and some proteins) are 
ultim ately degraded in the cytoplasm to a two carbon unit that binds to coenzyme 
A  to form acetyl coenzyme A .  This passes into the mitochondrial matrix and the 
acetate group is taken into the Krebs tricarboxylic (c itric ) acid cycle, in which 
after a series of enzymic steps C O 2 is liberated, and pairs of electrons, or their 
equivalent hydrogen atoms, are removed by dehydrogenase enzymes and enter the 
respiratory chain (electron transport system) in the inner membrane (cristae) . This 
is the main energy transforming system of the mitochondrion. Its main components 
are two flavoprotein enzymes, succinic and nicotinamide-adenine dinucleotide  
(N A D ) dehydrogenases, four cytochromes (b ,c ,a  and 0 3 ) ,  coenzyme Q  (ubiquinone), 
copper and non-haem -iron. As the electrons are passed down the chain of fla v o -  
proteins and cytochromes the energy lost at three points of oxido-reduction is used 
to form ATP from ADP and phosphate. Thus the respiratory chain is said to be 
coupled to phosphorylation. The end product of the chain is water.
O uter membrane!
Fatty acid CoA ligase
Kynurenine hydroxylase
Monoamine oxidase
Rotenone-insensitive NADH- 
cytochrome c reductase
Peripheral space:
Adenylate kinase 
Nucleoside diphosphokinase
Inner Membrane:
ATP synthetase
Carnitine fatty  acid acyl transferase 
p-hydroxybutyrate dehydrogenase 
Respiratory chain enzymes
Succinate dehydrogenase 
M atrix :
Aconitase 
Citrate synthetase 
Fumarase
a -k e to -a c id  dehydrogenases 
M alate  and isocitrate dehydrogenases 
p-oxidation enzymes
Table 1 .1 . Distribution of some enzymes in the mitochondrion 
____________ involved in cellu lar energy transformations
Criddle et a l .(1961) and Green et a l.(1 9 6 1 a ,b ) described the isolation of 
a protein from O x  heart mitochondria which accounted for some 50%  of the total 
mitochondrial protein but which lacked enzyme a c tiv ity . They named this protein 
'structural protein1 and proposed that it formed a structural backbone upon which the 
active components of the mitochondria were organised. Later work with m ito­
chondria from other species indicated that this was a homogenous protein of 
2 0 ,0 0 0 -3 0 ,0 0 0  Daltons (Criddle e t a l. ,1 9 6 2 ;  Katoh and Sanukida, 1965; Criddle 
et a l. ,1 9 6 6 ;  Woodward and Munkres, 1966). However Haidar et a l .(1966) 
demonstrated that this 'homogenous protein1 in fact contained a number of sub-units
and MacLennan and Tzagoloff (1968) postulated that structural protein was derived 
originally from enzym atically active protein. This concept was extended by Schatz 
and Saltzberger (1969) and Senior and MacLennan (1970) who presented evidence 
that the structural protein contained denatured ATPase and was in fact in large part 
denatured ATPase containing coupling factor F], which morphologically corresponds 
to the so-called elementary particles, present in the inner membrane of mitochondria 
(Racker, 1967) without which coupling ceases (Racker, 1968) .
b) Lipids
Lipids, particularly phospholipids, of which phosphatidylcholine and 
phosphatidylethanolamine are the most common, are important components of mito­
chondria, representing 20-40%  of the dry weight that is due to protein (Fleischer et 
a l . ,  1967; R o u s e re ta l., 1968). A ll the lipids found in mitochondria are also 
present in other parts of the c e ll, with the exception of cardiolipin w hich, 
characteristically, is only associated with the mitochondrial inner membrane.
c) Electrolytes
In rat liver mitochondria potassium is present at levels of 8 3 -1 60n.moles per 
mg protein; magnesium 2 0 -50 , sodium 3 -75  and calcium a t 10-33n.m oles per mg 
protein with smaller amounts of copper, iron, manganese and zinc (Spector, 1953; 
Gamble, 1957; Thiers and V a lle e , 1957) . The monovalent cations are probably 
not bound in any way, but the others appear to be associated with the inner mem­
brane, and calcium, particularly when present in high concentrations, forms precip­
itates of complex calcium phosphates in the matrix (Weinbach and von Brand, 1965) . 
Almost a ll the magnesium is associated w ith the matrix and inner membrane 
(Schnaitman and Pedersen, 1968) . About 75%  of the iron is membrane bound as is 
the copper (Blair et a L , 1963; K in g e t a L , 1964).
1.2 . in .  The mitochondrial genetic system
a) Preface
One of the most intersting facts regarding mitochondria and chloroplasts to 
have emerged over the last decade and a half is that these organelles not only 
contain the cell's mechanism for respiration and energy transduction, but that they 
also contain the components of a unique genetic apparatus which may function, a t 
least in part, separately from the nuclear genetic system: It has been shown that
mitochondria contain specific D N A  molecules capable of replication, and also the 
mechanism whereby the D N A  may be transcribed into RNA , and this RNA trans­
lated into protein in association with mitochondria-specific ribosomes and transfer 
R N A . However the biogenesis and function of mitochondria is not to ta lly  auto­
nomous and is dependent on the integrated operation of the nuclear-cytoplasmic 
and mitochondrial genetic systems.
b) D N A
The existence of cytoplasmic genes was first hinted a t when Correns (1909) 
noted maternal inheritance and Baur (1909) described biparental, but non- 
Mendel ian inheritance of similar traits in certain flowering plants. However it 
was not until 1962 that evidence of cytoplasmic-organelle D N A  was obtained when, 
using cytochemical methods, Ris and Plant (1962) and Nass and Nass (1962) 
demonstrated the presence of D N A  in chloroplasts and mitochondria respectively.
By applying these cytochemical and electron microscope techniques the Nasses have 
demonstrated the presence of D N A  fibrils in the mitochondrial matrix of a ll the 
major animal phyla (Nass and Nass, 1963 a , b; N a s s e ta l . ,  1965 ). G enetic  
and biochemical evidence that these DNAs were unique and not am plified copies 
of nuclear D N A  was presented for chloroplasts by Sager and Ishida (1963) and
Chun et a l.(1 9 6 3 ) , and for mitochondria by Luck and Reich (1964) .
For a number of reasons, such as ease of growth, the existence of strains 
with mutations in the mitochondrial DNA (m t.D N A ), and the high percentage of 
their total D N A  represented by m t.D N A , yeasts have been favoured as the main 
subjects of investigations into m t.D N A . W hile differences do exist, the most 
obvious being that yeast m t.D N A  is five times the length and contains five times 
the number of base pairs that m t.D N A  of other organisms other than plants contain, 
much of the information obtained from yeast is relevant to mammalian systems.
In general mitochondrial DNA exists as a circular molecule with a contour 
length of 5pm and a molecular weight of 107 Daltons (Nass, 1966), which represents 
a monomer of 15,000  base pairs (Upholt and Dawid, 1977) . In the mouse L -ce ll 
line studied by Nass there are between two and six m t.D N A  molecules per m ito­
chondrion present as monomers and dimers and located in spatially distinct regions 
of the mitochondrial matrix called nucleoids (Nass, 1969 a , b ) . A  mouse cell 
contains some 1 ,000  m t.D N A  molecules (Nass, 1969 b) but these only represent 
about 0 .1 %  of the total D N A  of the cell (Nass, 1974) . The significance of the 
dimers, usually present as open circles, is not c lear, although they may represent 
replicating forms of D N A . Kasamatsu et a l .(1971) noted that about one half of 
the m t.D N A  molecules present in exponentially growing L-cells  contained a short 
three-stranded region, where a single short strand of D N A  displaced the normal 
base pairing between the two circular strands to produce a displacement (D -Ioop) . 
These have also been observed in m t.D N A  from chick liver (Arnberg et a l . ,  1971) 
and a model of replication of m t.D N A  involving circular replicative intermediates 
produced by the expanding D-loop has been proposed by Robberson et a l .  (1972) . 
Using the density labelling technique of Meselson and Stahl (1 9 5 8 ), Reich and 
Luck (1966) have shown that the replication of m t.D N A  appears to occur by an
uncomplicated semi-conservative mechanism. W hile D N A  replication in the nucleus 
is linked to one part of the cell cycle (S-phase) synthesis of m t.D N A  proceeds at an 
approximately constant rate throughout the cell cycle (Guttes and Guttes, 1964; 
Parsons, 1965; Evans, 1966) . This has been confirmed for L-cells by Bogenhagen 
and Clayton (1977) who also demonstrated that once a mitochondrial D N A  molecule 
has been replicated it is randomly selected for later rounds of replication. The 
mitochondrial DNA-polymerase enzyme appears to be distinct from the nuclear D N A -  
polymerase showing different ionic strength optimums and specificity for single 
stranded DNA (M eyer and Simpson, 1970; Wintersberg and Wintersberg, 1970; 
Tschiersch and G ra ffi, 1970) .
Using cytochemical and electron microscope methods the Nasses have shown 
that a high proportion of m t.D N A  molecules are associated w ith the inner membrane 
of the mitochondria of L-cells and ascites tumour cells (Nass and Nass, 1964; Nass, 
1966; Nass, 1969b) . Van Tuyle and K a lf (1972) have isolated a m em brane-DN A- 
RNA complex from rat liver mitochondria similar to that found in bacteria by 
Tremblay et a l . (1969) . A ttard i et a L  (1976a) have reported that during electron 
microscope studies of HeLa cell mitochondrial D N A  over 95%  of the m t.D N A  
molecules released by gentle lysis were associated with a protein containing  
structure varying in size from a small knob 100-20()X in diameter to a large 
membrane fragment 0.5-1 pm in size. They also reported that restriction endo­
nuclease analysis showed the protein to be associated in the region of the D -loop , 
probably a t, or near, the origin of replication, and they conclude that the m t .­
D N A  is attached to the inner mitochondrial membrane a t, or near, the origin of 
replication. Such an association with membrane at the site of D N A  replication  
has been shown for bacterial D N A  (Siegel and Schaechter, 1973) and for Plasmid 
Col El D N A  (Sparks and Helsinki, 1976) . As in these systems the membrane
association of m t.D N A  may play an important role in the regulation of m t.D N A  
replication and, or segregation of daughter molecules.
Van Bruggen et a l.(19 6 6 ) noted two types of mitochondrial D N A  in 
electron micrographs of purified chick liver m t.D N A : highly twisted circles 
(component I) and open or half open circles (component I I ) , component I having 
the higher sedimentation coefficient of the two. They suggested that the twisted 
circles represented the closed circular duplex form of m t.D N A  in which both strands 
are covalently continuous while the open circles represent molecules with one or 
more single strand breaks, analogous to the situation seen with Polyoma virus 
(Vinograd et a l . , 1965) . This theory has been confirmed by a number of other 
workers (reviewed by Borst and Kroon, 1969) so that animal mitochondrial D N A  is 
accepted as consisting of circular molecules of homogeneous size (approximately  
5pm contour length), the major part of which is present in situ as closed circular 
duplex D N A  with roughly seven superhelical turns per micron of D N A , similar to 
Polyoma virus D N A  and the replicative form D N A  of phage /tfX174.
Many studies on the base composition of m t.D N A  in different organisms 
have shown that the guanine plus cytosine (G +C ) content of m t.D N A  may be lower, 
similar or higher than that of the nuclear D N A  (Nass, 1974) . However one 
interesting anomaly is encountered in the mitochondrial genome of Yeast which has 
a genome size five times that of other eukaryotes, but which is unlikely to code for 
any more products. W ith a mole percent (G +C ) content of just 18% , Yeast mt. 
D N A  is one of the most A ,T  rich functional DNAs in nature (Borst et a l . ,  1977) . 
This has led Bernardi to postulate the following model for Yeast mitochondrial D N A  
(Bernardi et a l . ,  1976; Prunell et a l . ,  1977; Prunell and Berardi, 1977) :
A ,T -r ic h  stretches containing less than 5%  G +C and with an average molecular 
weight of 4 x 105 make up about 50%  of the D N A . These are called spacers.
The remaining 50%  is composed mainly of 'genes', represented by intermediate 
G , C -rich  stretches, w ith a G +C  content varying from 22% to 65% , and which are 
about the same size as the A ,T -r ic h  stretches. Finally there are two sets of 
short clusters. One is called a 'site cluster' and it characteristically contains 
recognition sites for restriction endonucleases H aelll (G G C C ) and Hpall (C C G G ) . 
The other is called a G , C -rich  cluster and is characterised by the absence of any 
of the tetranucleotides G G C C , C C G G  or G C G C . Bernardi et a l . (1976) 
postulate that the four sequences are set out as in Figure 1.6.
•  •  •  
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Figure 1.6. The Bernardi model of the Yeast mitochondrial 'gene*
Restriction enzyme analysis of the Yeast mitochondrial D N A  duplex shows 
that there are some 60-70  copies of these four sequence elements which vary 
slightly in length and presumably represent individual coding elements (Bernardi, 
1978). The short clusters may have a regulatory function and the A ,T -r ic h  spacers 
may be analogous to the homogeneous C-regions of eukaryotic chromosomes, which 
possibly play a role in crossing over and evolution (Bernardi et a l . ,  1976;
Bernardi, 1978).
Thus mitochondria contain D N A  which, like nuclear D N A , has sequences 
coding for active 'genes' and in some case?sequences with no active coding a b ility .  
Like the nuclear D N A , the mitochondrial D N A  must replicate itself at every cell 
cycle, although unlike nuclear DNA it is not tied to only one stage of the cell 
cycle. A  major difference between the two DNAs is seen in their 'packaging'. 
Nuclear D N A  is intimately involved with histone and non-histone proteins, so much 
so that the nucleo-protein complex may be isolated as a whole (chromatin) . 
Chromatin is composed of subunits w ith a characteristic structure, called nucleo- 
somes, which consist of a defined length of D N A  (about 200 base pairs) complexed 
with an octamer of duplicates of four histones (Felsenfeld, 1978) . Mitochondrial 
D N A  however only appears to be associated w ith protein at the origin of rep li­
cation, and this probably represents the point of attachment to the inner membrane. 
The mitochondrial D N A  rarely occurs as an isolated molecule though (Williamson  
and Fennell, 1975) . More usually it is distributed in aggregates that have been 
called 'chondriolites1 (W illiamson, 1976) which may represent the mitochondrial 
hereditable unit, the mitochondria reproducing by fragmentation of a region 
containing a chondriolite (Williamson et a l . ,  1977) .
Why mitochondrial D N A  exists free of 'histones1 unlike nuclear D N A  is 
not known, possibly it reflects its origin, of which there are two main theories. 
According to the endosymbiont theory (M argulis, 1970; Schwartz and Dayhoff, 
1978), mitochondria derive from prokaryotes which became symbiotic with  
eukaryotic cells which themselves had either evolved from prokaryotes or evolved 
separately. The endosymbionts transferred most of their genes to the host nucleus, 
but this process was stopped before it was complete, leaving the mitochondrial D N A  
in its present form (Borst and G r iv e ll, 1978) . The alternate theory is the episome 
theory which holds that the organelles derived from sources solely within the cell 
(Perlman and M ahler, 1970/ Raff and M ahler, 1972) by a process of gene am pli­
ficatio n . The genes amplified would probably only be the required functional 
genes, the histone coding mechanism not being am plified. In either case it is 
obviously important that this extra-nuclear D N A  persists w ithin the cell separated 
from nuclear D N A . Young (1971) points out that it is the functionally most active  
parts of the cell (mitochondria, chlorplasts) that have their own D N A  and thus to 
some extent avoid the necessity to code for and import material from the nucleus 
when there is rapid enzyme turnover. Young (1971) also maintains that this ex tra - 
nuclear D NA may act as a safeguard. D N A  in constant 'use1 due to a high 
activ ity  of RNA coding would have an increased chance of damage. By isolating 
the functionally very active D N A , any damage occurring to it would not a ffect 
the rest of the D N A .
c) RNA
The presence of RNA in mitochondria was first reported by Hogeboom et a l .  
(1948) . Mitochondrial RNA polymerase was reported by Luck and Reich in 1964 
and has since been isolated and purified by Kbntzel and Schbfer (1971) . M ito ­
chondria have now been shown to contain the three different classes of RNA 
necessary for gene translation, namely ribosomal ( r ) , transfer (t) and messenger 
(m) RNAs. Each class is characterised by its sedimentation pattern. M ito ­
chondrial tRNA exhibits a sedimentation constant of 4S. Seventeen tRNA species 
hybridizable with mitochondrial D N A , and which are specific for 16 amino acids 
have been detected in HeLa cell mitochondria, eleven on the H-strand, four on 
the L-strand and two distinct serine isoacceptors coded for by distinct genes, one 
on the H-strand and one on the L-strand (Attardi et a l . ,  1976a) . (The H - and 
the L-strands represent the complementary strands of the mitochondrial D N A  duplex 
which may be separated in a lka line  caesium chloride gradients due to their 
different base contents (Dawid and Wolstenholme, 1967; Nass, 1974)). However, 
using ferritin labelled 4S RNA, nineteen 4S genes have been mapped on the HeLa 
cell m t.D N A  c irc le , seven on the L-strand and twelve on the H-strand (A ttardi et 
a l . , 1976a) . Thus it is like ly  that at least one gene exists for each of these 
tRNAs in HeLa cells (Attardi et a l . ,  1976a,* Lynch and A tta rd i, 1976 ). For 
fourteen of the amino acids capable of charging tRNA species hybridizable to mt. 
D N A , amino acy l-tR N A  synthetase activities distinct from cytoplasmic ones have 
been identified in the organelle (Lynch and A ttard i, 1976) . Four amino acids 
(asparagine, glutamine, histidine and proline) have consistently fa iled  to charge to 
any detectable extent mitochondrial t-R N A  species hybridisable with m t.D N A  
(Attardi et a l . ,  1976a) although they are used for synthesis w ithin the organelle of 
discrete mitochondrial polypeptides (Attardi et a l . ,  1976b) . It is possible that the 
tRNAs not accounted for are coded for on nuclear D N A  and are imported (Chiu et
!n the case of the Yeast Saccharomyces cerevissiae, 35-40  different tRNA  
species encompassing a ll twenty amino acids have been reported (Tzagoloff et a l . ,  
1978) and some twenty of them mapped by hybridisation to the D N A  of rho” 
mutants deleted for different parts of the genome (Tzagoloff et a l . ,  1978) . It is 
not known if  a ll the tRNAs are different gene products or if  they arise by post- 
transcriptional m odification, but the number meets the requirement for se lf- 
sufficiency.
Mitochondrial ribosomes differ from bacterial and eukaryotic cell sap 
ribosomes in the size and number of ribosomal proteins and size of the constituent 
rRNAs (Borst and G riv e ll, 1971; Reijndes et a l . ,  1973; G rive ll and Reijndes, 
1974; Neupert, 1977; Faye and Sor, 1977) . It also appears that mitochondrial 
ribosomes do not contain the small 5S RNA that is found as a distinct entity in 
bacteria and mammalian cells (Comb and Z eh av i-W illn e r, 1967; Knight and 
D arnell, 1967; G rive ll and Reijndes, 1974) .
HeLa cells have been shown to have two mitochondrial rRNA species 
sedimenting at 12S and 16S (Attardi and A ttard i, 1971; A ttard i and O ja la , 1971), 
coded for by two segments of the H-strand close to the far side of the origin of 
replication (Attardi et a l . ,  1976a) . Yeasts also have two species of mitochondrial 
rRNA which are larger than those found in mammalian cells, sedimenting at 21S and 
15S, and are unusual in two other respects. Firstly, the two rRNA cistrons are not 
in tandem but are separated by a length of D N A  representing 20-25%  of the total 
mitochondrial D N A , an area occupied by genes coding for mitochondrial proteins 
and tRNAs (a similar situation existing in Tetrahymena pyriformis) (Sanders et a l . ,  
1975; Goldbach et a l . ,  1978). Secondly, the 21S gene is split by a 1 ,000  base 
pair insertion closely correlated with the U)+  a lle le , a polarity locus affecting the
+ -
transmission of neighbouring genetic markers in (J  x ts)" crosses (Bos et a l . ,  1978) . 
Bernardi (1978) has postulated that the spacers and small G ,C -r ic h  sequences 
found in his model of m t.D N A  might take part in RNA splicing.
>
O f the three species of RNA, the presence of messenger RNA in the m ito­
chondrion has been the most d ifficu lt to establish. Indirect evidence for its 
presence was first provided by the observation that isolated mitochondria are cap­
able of protein synthesis (McLean et a l . ,  1958; Roodyn et a l . ,  1962; Ashwell and 
W ork, 1970) . The presence of N -form yl-m ethionine in mitochondria (Smith and 
M arcker, 1968; G alper and D arnell, 1969) is taken as additional evidence that 
the mitochondrial genetic system is distinct from that of the rest of the cell because 
N-form yl-m ethionine is necessary for the initiation of protein synthesis in bacteria, 
but not in eukaryotes (M unn, 1974) . It was surprising therefore when a putative  
mRNA was isolated from the mitochondria of HeLa cells which contained a poly­
adenylate (poly A ) segment (Perlman et a l . ,  1973; O ja la  and A tta rd i, 1974) as 
(poly A ) is a constituent of eukaryotic mRNA but not prokaryotic mRNA (H a d jir -  
assilious and Brawerman, 1966; Perry et a l . ,  1972) . However the mitochondrial 
mRNA poly A  segment at 5 0 -80  bases is shorter than the normal eukaryote mRNA 
poly A  tract which is usually 150-300 bases long (Armstrong et a l . ,  1972;
G illespie et a l . ,  1972; Perlmann et a l . ,  1973) . Grohmann et a l . (1978) have 
demonstrated that while the mRNAs of HeLa cells coded for by m t.D N A  contain 
(poly A ) tracts which are probably added post-transcriptionally, they are 'uncapped1 
in that they do not contain the terminal modified nucleosides associated w ith a true 
eukaryote mRNA 'cap '.
Attempts to translate mitochondrial RNAs have met w ith litt le  success either 
in jn  vitro systems or jn  vivo by injection of partia lly  purified mRNAs into ooocytes 
(Moorman et a L , 1977, 1978) . In a ll cases where discrete products were detected 
they were of low molecular weight, although in some cases a fraction of the 
products could be identified as fragments of cytochrome c oxidase and ATPase 
(Moorman et a L ,  1977, 1978) . The reason for this lack of translation of mito­
chondrial mRNA in other systems is obscure, but may be related to a significantly  
different use of codons, requiring a specialised tRNA population, or to the frequently 
observed occurrence of purine rich stretches in mitochondrial mRNA which resemble 
ribosome binding sites in other systems (S te itz and Jakes, 1975) . It may be that 
only a homologous ribosome can jump the loops separating the amino acid specifying 
sequences in mRNAs that are 'split' such as those that are coded for at the o x i-3  
locus (which codes for subunit I of cytochrome c oxidase) or the cob (or box) region 
which codes for apocytochrome b (the mitochondrial subunit of the bcj complex) .
This region of m t.D N A  is split into at least three w idely separated parts which are 
translated in the same direction and constitute a single cistron (Slominski e t a L ,
1978), although the number of constituent units may be as many as five (Borst and 
G riv e ll, 1978) . The transcription of m t.D N A  in HeLa cells is symmetric w ith  
complete transcription of both complementary strands (Murphy et a L ,  1975;
Attardi e tc ^ .,  1976a).
Thus mitochondria have a completely functional system whereby mRNA 
coded for by its own D N A  or by that of the nucleus may be translated into protein.
d) Mitochondrial protein synthesis
The biogenesis of mitochondria depends upon the co-operative expression of 
mitochondrial and nuclear genetic information. This co-operation is probably more 
complicated in mammalian cells than in Yeast, however there are close similarities  
in protein synthesis in the two systems (M iln e r, 1976), the yeast system being the 
more fu lly  documented.
The contribution of m t.D N A  to mitochondrial biogenesis is a modest but 
essentia! one, mitochondrially synthesised proteins accounting for only 5%  of the 
total mitochondrial protein. Nevertheless mutants lacking the m t.D N A  are unable 
to assemble a functional mitochondrial inner membrane (Borst and G r iv e ll, 1978) .
A t  present nine protein subunits are known to be coded for and synthesised by the 
mitochondrial genetic system. These are: three of the seven cytochrome c oxidase 
subunits, four of the ten F] ATPase complex subunits, one subunit of the b q  complex 
and a ribosome associated protein (V ar I) which constitutes one of the twenty two 
ribosomal subunits. These proteins tend to be hydrophobic in nature and have 
molecular weights in the region of 8 ,000  to 5 0 ,0 00  Daltons (see table 1.2 and Borst 
et a l . ,  1977, and Borst and G riv e ll, 1978, for reviews and references) .
Cytochrome c is an example of a functional mitochondrial protein that is 
coded for on nuclear D N A  and which is translated on cytoplasmic ribosomes 
(Sherman et a l . ,  1965, 1966). Cytochrome c oxidase, however, is a functional 
mitochondrial protein coded for in part by both mitochondrial and nuclear genes 
and requiring both cytoplasmic and mitochondrial protein synthesis. Cytochrome c 
oxidase is a complex protein with a quaternary structure composed of seven subunits. 
Subunits I, III and III are synthesised by mitochondria while subunits IV —V II 
are synthesised extramitochondrially (Sebald et a L ,  1973; Mason and Schatz,
1973) . That the mitochondrial subunits are functionally important has
been demonstrated by Poyton and Schatz (1975) who raised rabbit antisera to 
individual subunits of the enzyme, and tested the effects of the specific anti-sera  
on the enzyme. Anti-sera to cytoplasmic subunits V  and V II completely inhibited  
enzyme a c tiv ity , anti-sera to IV  and VI partially  inhibiting the enzyme, while the 
anti-serum specific for the mitochondrially constructed subunit II completely 
blocked the enzyme's a c tiv ity . Thus the subunits coded for by the mitochondrial 
D N A  play not only a structural but also a functional role in this example of a 
functional mitochondrial protein.
Mitochondrial complex
A Approx. Daltons of
A d d t o x
Gene products \ n- 4 Duplex D N A  required
*X for coding x 10” 6
ATPase complex 
(ten subunits)
Subunit ( ? )  
Subunit (? ) 
Subunit (6 )  
Subunit (9 )
3
2
1
0.8
0.6
0 .4
0.2
0 .1 6
Cytochrome b q  complex 
(seven subunits)
Cytochrome b 0.6
Cytochrome c oxidase 
( three subunits)
Subunit I 
Subunit II 
Subunit III
0.8
0.6
0 .4
Ribosome.
( twenty two subunits)
Var 3 .5 -4 .7  0 .7 -0 .9 4
TOTAL 4 .4 6 -4 .7
Table 1.2. The Proteins Synthesised by the Mitochondrion
Section II 
EXPERIMENTAL
I I .  1 .M ateria ls
Animals
M ale T .O .  (Tylers O rig inal) m ice, 7 -9  weeks old were obtained from the 
Animal U n it, Imperial Cancer Research Fund, London.
Cells
Whole mouse embryo (WME) fibroblasts were obtained as tertiary cultures 
from the Cell Production U n it, Imperial Cancer Research Fund, London. They 
were obtained from primary cultures produced by standard trypsinisation techniques 
of whole embryos of specific pathogen free T .O . m ice.
Radiochemicals
Polycyclic aromatic hydrocarbons, except the cyclopenta(a) phenanthrenes, 
were obtained, purified and generally labelled with tritium , from the Radiochemical 
Centre, Amersham, Bucks. The hydrocarbons were used undiluted at the following  
specific activ ities: benzo(a)pyrene, 18 C i/m  mol and 27 Ci/m mol; 3 -m eth y l- 
cholanthrene, 9 C i/m  mol; 7 , 12-dim ethylbenz(a)anthracene, 19 .6  C i/m  mol; 
and benz(a)anthracene, 5 .9  C i/m  mol. ( 2 - 14C) -thymidine (60 m Ci/m  mol) and 
(m ethyl-3H)-thym idine (1 8 .5  C i/m  mol) were also obtained from the Radiochemical 
Centre. The generally tritiated 1 5 ,16-d ihydro-ll-m ethyl-cyclopenta(a) phenan- 
thren-17-one and its 12-methyl isomer were prepared by the method of Coombs 
(1979) at 13.9  C i/m  mol and 2 7 .5  C i/m  mol respectively.
Biochemicals
C alf thymus D N A , type I, sodium salt; RNAase A  from bovine pancreas 
( E .C .2 .7 .7 .1 6 ); DNAase I from bovine pancreas ( E .C .3 . 1 . 4 . 5 . ) ;  phospho­
diesterase type II from Crotalus adamanteus venom (E .C .3 .1 .4 .1 . )  and a lkaline  
phosphatase, type ill from E .coli ( E .C .3 .1 .3 .1 . )  were obtained from the Sigma
Chemical C o ., London. Proteinase K (fungal) was obtained from BDH 
Biochemicals, Poole, Dorset. The Mithramycin was a g ift from D r. B. 
Imperial Cancer Research Fund, London.
11.2. Methods
The methods described below are the basic methods used in this project. 
However, in certain instances the methods have slight modifications and these are 
noted in the appropriate sections.
I I . 2 . i .  Cell culture
Whole mouse embryo secondary cultures (WME 2°) were seeded as tertiary  
cultures at 5 x 106 cells per 150mm tissue culture dish (Falcon, Scientific  Supplies, 
London) . They were cultured in 40 ml of Dulbecco's modification of Eagle's 
medium supplemented with 10% foetal calf serum (G ibco , Paisley, Scotland), and 
10% tryptose phosphate broth (D ifco , West Moseley, Surrey) . The WME 3 °  were 
grown to confluency over three days (approximately 2 .7  x 107 cells per dish) in a 
humidified incubator flushed with 5%  C O 2 supplemented a ir at 3 7 °C .
I l . 2 . i i .  Dosing of cell cultures
Cell cultures that were to have their D N A  prelabelled with ( 2 - 14C) -  
thymidine were dosed 18 hours after seeding. 3 .33pC i of ( 2 - 14C) -thymidine in 
67pCi of sterile water were added to each dish to a final concentration of 0 .0 8 3 p l/  
ml of medium. Hydrocarbons were added at 0 .667  mCi per dish (0 .1 6  to 0 .74pg /m l 
final concentration) in lOOpI DMSO (final concentration of DMSO of 0 .2 5 % ),  
except the cyclopenta(a) phenanthrenes which were added at approximately 3mCi per 
dish (1 .25pg/m l final concentration) . For 48 hour incubations they were dosed on 
day four and harvested on day six, for 24 hour incubations they were dosed on day 
five and harvested on day six.
I i . 2 . i i i .  Cell harvesting
The media was aspirated and the culture dishes washed twice w ith 15mls ice 
cold phosphate buffered saline (PBS) . The cells were scraped off the plate in PBS 
with a rubber 'policeman1 and pelleted by centrifuging for five  minutes at 900g at 
+ 4 ° C . The cell pe lle t was resuspended and 'washed' once in PBS and repelleted.
I l .2 . i v .  Preparation of nuclei
(Unless otherwise stated, a ll materials were kept at 0 to 4°C )
The cell pelle t was resuspended in 50mls of sucrose-mannitol buffer (70mM sucrose, 
210mM mannitol, 0 . Im M  EDTA, lOmM Tris-HCI pH 7 .2 ) (D o w e t a L ,  1970 ). The 
cells were disrupted by five passes of a teflon pestle in a cooled Potter-Elvehjem  
homogeniser. The homogenate was centrifuged at 2,000g for five minutes to pelle t 
nuclei. The supernatant was taken for isolation of mitochondria (Section I I .2 .V . )  . 
The nuclear pelle t was resuspended in 50mls of sucrose-mannitol buffer and recentri­
fuged at 2,000g for five minutes. The nuclei were then purified by a modification  
of the method of Prescott e t a L  (1966) . The crude nuclear pe lle t was resuspended 
in 5mls of 0 .1 %  Triton X - l 00 for two minutes and agitated with a Pasteur pipette to 
fac ilita te  cell membrane disruption. F ifty  mis of 0 .2 5 M  sucrose was then added and 
the suspension was centrifuged at 700g for 20 minutes. The resultant nuclear p e lle t 
was then resuspended in 0 .2 5 M  sucrose and the washing procedure repeated tw ice.
The final nuclear pe lle t was used for D N A  extraction (Section l l . 2 . v i i . )  .
Samples of these nuclear preparations were examined for nuclear integrity  
and purity. The nuclei were fixed by the dropwise addition of 1ml of fresh methanol-  
glacial acetic acid (3:1  v /v )  which was then made up to lOmls and the nuclei 
immediately pelleted at 2 ,000g for five minutes. The supernatant fixative  was dis­
carded and the nuclei resuspended in, and pelleted from lOmls of fresh fix a tiv e .
The nuclei were resuspended in 0.25mls of fresh fixa tive . A  drop of the nuclear
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Figure II. lb .  Enlargement o f a section o f F ig . I I . la . M ag . x  400
suspension was placed on a glass microscope slide and the fixative  evaporated.
The slide was washed in distilled water to remove any trace of fixative which would 
lower the pH of the stain. The nuclei were stained in 2% Gurr's improved Giemsa 
(Searle, High Wycombe, Bucks) in 0 .1 M  phosphate buffer, pH 6 .8 ,  for ten minutes, 
rinsed in distilled water and examined under a light microscope (Figure I I .  1) .
I I . 2 . v . Preparation of mitochondria
(Unless otherwise stated, a ll materials were kept at 0 to 4 °C )
The post-nuclear supernatant obtained in Section l l .2 . i v .  from the physical 
disruption of WME 3 °  fibroblasts was centrifuged for five minutes a t 4 , OOOg to 
ensure that any nuclei or undisrupted cells were removed. The resultant supernatant 
was then centrifuged at 1 2 ,OOOg for 12 minutes to pelle t the mitochondrial fraction. 
The supernatant was discarded and the pelle t resuspended in 3ml (0 .2 5 M  sucrose, 
25mM M gCl2 / 50mM Tris-HCI pH 6 .7 ) and treated with 50 Kunitz units of DNAase I 
at 20°C  for 30 minutes (M iyak i et a J ., 1977) . The DNAase hydrolyses any D N A  
not contained in a mitochondrion, i .e .  contaminating nuclear D N A  released by 
disruption of nuclei in the cellu lar fractionation procedure. The DNAase does not 
attack the mitochondrial D N A  as the mitochondria are impermeable to this enzyme 
(Rabinowitz et a L , 1965; Wolstenholme et a [ . , 1970). The mitochondria were 
pelleted at 1 2 ,OOOg for 12 minutes and resuspended in sucrose-mannitol buffer. The 
mitochondria were centrifuged again at 12, OOOg for 12 minutes and this washing 
procedure was repeated twice more to remove a ll traces of DNAase I. A t this point 
a sample was removed for analysis by electron microscopy (Figure 11.2. and appendix 
A ) .  As can be seen, at this stage there is no evidence of nuclear contamination and 
any extraneous D N A  has been hydrolysed by the added DNAase. Intact mitochondria
Crude m itochondria l p repara tion .
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Figure 11.3. M itochond ria l preparation obta ined from sucrose g ra d ie n t.
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Figure 11.4. Enlargement to show d e ta il o f m itochondria  obta ined by the 
methods described in the te x t.
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in the condensed form (characteristic of freshly isolated mitochondria, Hackenbrock, 
1966, 1968a,b) are present, as are mitochondria which have lost their internal 
organisation. There is a certain amount of extruded mitochondrial m atrix. There 
is also some cellu lar debris, notably myelin whorls and probably lysosomes.
To purify these preparations the mitochondrial pellet was resuspended in 
0.2mls of 0 .2 5 M  sucrose, Im M EDTA, lOmM Tris-HCI pH 7 .2 .  This was layered on 
to an 11ml preformed 1 -2M  linear sucrose (Im M  EDTA, lOmM Tris-HCI pH 7 .2 )  
gradient and centrifuged at 110, OOOg on an MSE Superspeed 75 centrifuge in a 
titanium 6 x 14ml swing out rotor head for 18 hours (M iyaki et a l . ,  1977) . The 
centrifuge tube was pierced a t the bottom and the gradient unloaded. Forty drip 
fractions were collected (about 0.5m !) and 50pl samples counted on a liquid  
scintillation counter to detect mitochondria by the presence of isotopically labelled  
nucleosides incorporated into the mitochondrial D N A  (Figure 11.5) . As can be seen 
a large peak is obtained at a sucrose density of 1. \ 7 g m /cc. This is lower than 
published bouyant density values for mitochondria which centre around 1 .20gm /cc  
(N e v ille , 1975), but which can vary between 1 .22  and 1.18grr\/cc, the density 
distribution being broad (N e v ille , 1975) .
Electron microscopy (Figure 11.3) of the H 70gm /cc area reveals a m ito­
chondrial preparation which contains less cell debris than the pre-gradient p e lle t. 
There are intact mitochondria, again in the condensed state, but also a large number 
of mitochondria that have lost their internal conformation. It can be seen that in 
some of these the membrane has ruptured and the matrix extruded. This may account 
for the low bouyant density of the preparation as a whole. Although some debris is 
present it is not a ll membrane bound and may represent mitochondrial m ateria l. N o  
myelin whorls are present. The ruptured mitochondria are still relevant to the study 
as the mitochondrial D N A  has been shown to be attached to the inner membrane
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(Section 1 .2 . in .b . )  . Thus, the 1.17gm /cc fraction contains intact and disrupted 
mitochondria, but neither nuclei nor infective D N A  carrying agents such as bacteria 
or virus particles have been observed in any electron micrograph. Any extraneous 
D N A  in the mitochondrial pelle t was hydrolysed by DNAase I, so that any DNA  
contained in this fraction must be mitochondrial in origin (see also Section ! ! .2 .x i . )  . 
Thus, this fraction was lysed and the mitochondrial D N A  extracted (Section I I . 2 . x . )  . 
This procedure was used for a ll mitochondrial preparations, although electron micro­
graphs were not prepared for a ll of them.
Figure I I . i v .  shows an enlargement of some mitochondria in the condensed 
form. The inner and outer membranes are clearly visible. The condensed form is
characterised by the presence of enlarged peripheral spaces, which are frequently 
connected to the dilated intracristal spaces, the matrix being reduced in volume and 
very electron dense (Hackenbrock, 1966, 1968a,b) .
I l . 2 . v i .  D NA extraction from mouse skin
DNA was extracted from mouse skin basically by the method of Blin and
Stafford (1976) . The mice were k illed  by cervical dislocation and the treated area
of skin (about 2.5cm  x 2.5cm ) was removed (leaving a small treated area a ll around 
so that no untreated area was removed) . The skin was frozen on solid C O 2 and 
transferred to liquid nitrogen and allowed to freeze completely for 20 minutes. 
Fragments of skin were then transferred to an earthenware mortar w ith liquid nitrogen 
and ground to a powder by hand using an earthenware pestle. The fine powder was 
transferred to the lysing solution of 5mls per mouse skin of 0 .5 M  EDTA, 0 .5 %
Sarkosyl (C ib a -G e ig y , Cambridge, England) and 0 .0 1 %  proteinase K . The whole 
was incubated with shaking at 50°C  for three hours.
11.2.v i i .  Extraction of D N A  from nuclei
The D N A  was extracted from nuclei by the Diamond et a l.  (1967) 
modification of the Kirby (1957) method. The nuclei were suspended in 5mls of 
5%  sodium p-aminosalicylate (Sigma, London) per expected Img D N A  yield  and 
stirred gently with a magnetic follow er. The nuclei were lysed by the addition of 
a one-tenth volume of 10% sodium dodecylsulphate, and stirred gently for one hour. 
The stirring was kept as gentle as possible to prevent shearing of the long D N A  
molecules.
1 1 .2 .v iii. Purification of nuclear and skin whole cell DNA
The viscous lysates were extracted with an equal volume of phenol :m -cresol: 
8-hydroxyquinoline:water (5 0 01 7 0 :0 .5 :5 5  by weight) mixture. The resultant 
solution was centrifuged at 7 ,000g  for 20 minutes and the aqueous D N A  and RNA  
containing layer was removed. The remaining phenol mixture and interface were 
re-extracted with half a volume of 5%  sodium p-aminosalicylate or the 0 .5 M  EDTA, 
0 .5 %  Sarkosyl mixture as relevant. The aqueous layer was removed and pooled w ith  
the first extract. This pooled extract was then re-extracted w ith the phenol mixture 
and the aqueous layer containing D N A  and RNA was removed and dialysed against 
running tap water for 18 hours, and then against two changes of 5 litres of d istilled  
water for four hours, each in dialysis tubing that had previously been twice boiled in 
0 .0 1 M  EDTA. The dialysate was reduced in volume to lOmls by freeze drying and 
made 4%  with respect to sodium acetate. Crystalline RNAase was dissolved in 
0 .1 5 M  sodium chloride at 100 Kunitz units/ml (about 1.5m g/m l) and any residual 
DNAase activ ity  was removed by heating the solution to 80°C  for 15 minutes, and 
then cooled under running tap w ater. Ten Kunitz units per ml were added to the 
D N A -R N A  extract and the solution shaken a t 37°C  for one hour. The enzyme,
residual cell protein and ribonucleotides were extracted by two treatments with the 
phenol mixture as described above, and the aqueous D N A  containing layer was 
dialysed against running tap water for 18 hours and then against two changes of 5 
litres of distilled water. The volume of the D N A  solution was reduced to 5mls by 
freeze drying.
11.2. ix . Determination of the amount and quality of whole cell and nuclear D N A
D N A  samples were routinely examined on a Perkin-Elmer, Colman 572 
scanning spectrophotometer over a range of 200-350nm . Using a 10mm path length, 
D N A  concentration was measured, assuming Img of D N A  per 1ml of water contains 
15 optical density units. The 260 m ax/230 min was usually higher than 1 .9 .
When material was available the U . V . optical density figures were checked 
by the phosphorous determination procedure of King and Wootton (1956) outlined  
below, assuming D N A  phosphorous represents 8 .14%  of the total D N A .
An aliquot of solution containing 5-50pg of phosphorous was transferred to a 
digestion tube containing a small piece of carborundum, and the solution was 
evaporated to dryness over an electric  heater. 0.5mls of 60% perchloric acid was 
added and the solution was heated until the organic material was oxidised and the 
solution became colourless. Approximately 0.1m l is lost in this process. The 
contents of the tube were allowed to cool and then 5mls of d istilled water were 
added, followed by 0.4m!s of a 5%  solution of ammonium molybdate and 0.2mls of 
a reducing agent consisting of 0 .2 %  1 -am ino-2-naphthol-4-suIphonic ac id , 2 .4 %  
sodium sulphite and 12% sodium metabisulphite. The solution was w ell mixed and 
allowed to stand for ten minutes before measuring the optical density at.700nm  
against a blank solution of reagents. A  calibration curve was constructed in this 
way (Figure II.7 a ) using calf thymus D N A , as was a curve for a scaled down version
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w ith a final volume of 0.8m ! and a ll volumes scaled down to 1 3 .3 % , giving a range 
of 0 . 3 - 3 .  Opg (Figure II.7 b ) . The phosphorous and optical density methods always 
gave results w ithin 10% of each other. The disadvantage of the phosphorous 
method is that the material measured is destroyed.
11.2 .x . Extraction of mitochondrial D NA
The suspension of mitochondria produced in Section I I . 2 . v . was adjusted to 
a volume of 2mls w ith a 0 .2 5 M  sucrose and the mitochondrial D N A  was extracted by 
a modification of the H irt (1967) method (M iyaki e t a L , 1977) . The mitochondria 
were lysed by the addition of an equal volume of 1 .2%  sodium dodecylsulphate in 
20mM EDTA, 20mM Tris-HCI pH 8 .0  and the lysate was gently agitated with a 
Pasteur pipette for forty minutes at 2 0 °C . The solution was then made 1 molar with  
respect to N aC I by the addition of 1ml of 5M  N a C I, and the solution was stored at 
+ 4 ° C  for 18 hours. The high molecular weight material released by the sodium 
dodecylsulphate was centrifuged down at 17,000g for 40 minutes. The supernatant 
was dialysed against three changes of 5 litres of lOmM EDTA, lOmM Tris-HCI pH 
8 .0 .  The resultant solution of mitochondrial D NA still contains residual mitochon­
drial protein and RNA . However, because of the loss (Section l l . 3 . i i . )  of m ito­
chondrial D N A  that occurs during the purification procedures used for the nuclear 
D N A  (Section 11.2.v i i i .)  the samples were not taken through the RNAase step and 
phenol extractions. In the hydrocarbon binding experiments, hydrocarbon and 
consequently the labelling radioisotope become associated with the RNA and protein 
as well as the D N A , and without hydrolysis and separation of the deoxyribonucleo- 
side-hydrocarbon adducts the measurement of binding by associated radioisotope 
would be meaningless. This of course is also true of the nuclear m ateria l. Using 
the nucleoside-hydrocarbon adduct separation system described in Section l l .2 .x iv :
Phillips (1978) and Phillips e t a L  (1978) have shown that residual protein and RNA  
do not interfere with the elution profiles of deoxyribonucleoside-hydrocarbon 
adducts as the RNA and protein elute in the first few fractions, far ahead of the 
deoxyribonucleoside adducts. Therefore the mitochondrial D N A  was not subjected 
to any further purification.
I l .2 . x i .  Characterisation of mitochondrial DNA
DNAs of different molecular weights may be separated on caesium chloride 
gradients of the type developed by Meselson et a L  (1957) . The molecular weight 
of D N A  is dependent on its guanine-cytosine ratio and this may (or may not) vary 
between the mitochondrial and nuclear D N A  in different organisms (Nass, 1974) . 
However, mammalian cells often have nuclear and mitochondrial DNAs w ith very 
similar base compositions (and therefore bouyant densities) and so can be d ifficu lt to 
separate on CsCI gradients (Borst and Kroon, 1969; Nass, 1974) .
To characterise the mitochondrial and nuclear DNA used in these experi­
ments WME 3 ° fibroblasts were grown (Section l l . 2 . i . )  in two lots of 15 150mm 
tissue culture dishes. One group was dosed with 1 ,67j-»Ci/ml (m ethyl-3H) -thym idine  
and the other w ith 0 .083pC i/m ! ( 2 - 14C) -thym idine. Mitochondrial D N A  was
A  1 i
extracted from the (m ethyl- H) -dosed cells and nuclear D N A  from the (2 -  C) -  
dosed cells. Approximately 0.5pg of each D N A  was added to a 3ml solution of 
CsCI (BDH) of an approximate density of 1 .7g m /cc . The solution was left for 18 
hours a t + 4 °C  and centrifuged at 16,000g for 20 minutes. The supernatant was 
decanted off and the volume and density adjusted to 3.5mls of 1 .7g m /cc  CsCI, the 
density being checked by measuring the refractive index of the solution on a 
refractometer (H ilgerand  Watts, London) and referring to a conversion chart to 
obtain the density (Sober, 1973) . The CsCI was overlayed w ith liquid paraffin and
the tube centrifuged at 140,000g for 48 hours at +20°C  on an MSE Superspeed 75 
centrifuge in a 6 x 14ml titanium swing out rotor head. The gradient was then 
unloaded in approximately 120pl fractions. H alf was taken for counting on a 
scintillation counter, and half taken for refractive index measurement. Figure I I . 6 
shows the density profile of the gradient obtained. Although the fraction separation 
is small, the bouyant densities are 1.709 gm /cc for the nuclear D N A  and 1.699 g m / 
cc for the mitochondrial D N A , well w ithin the limits for mitochondrial D N A  which 
can vary between 1. 683 gm cc and 1 .716  gm /cc (Borst and Kroon, 1969) . From 
the equation p = 0 .098  (G C ) +  1 .660 where p is the density and (G C ) the mole 
fraction of guanine plus cytosine (Schildkraut et a [ . , 1962) it can be calculated that 
WME 3 °  mitochondrial D N A  has a G +C  content of 3 9 .8 %  while that of the nuclear 
D N A  is 50% . Published data for whole mouse embryo 3 °  cells is not available but 
the densities in CsCI for mouse L cells is comparable, being 1 .698  gm /cc for the 
mitochondrial D N A  (3 8 .8 %  G+C) and 1.703 gm/cc for the nuclear D N A  (44%
G +C) (Borst and Kroon, 1969) .
Later experiments (Section l l .2 .x v .  and Section I I . 3 . v) where ethidium  
bromide is intercalated into the mitochondrial D N A  fac ilita ting  separation of the 
closed circles (component I) from the open circles (component II) show that the 
extracted mitochondrial D NA usually contains at least 30%  closed superhelical 
circles.
I l . 2 . x i i .  Estimation of mitochondrial D N A
The practical lim itation of the experimental procedures involved lim it the 
amount of materials that can be used, so that a maximum of about 2mg of nuclear 
D N A  may be obtained. This is sufficient for the direct measurement of the amount 
of D N A . However, vertebrate mitochondrial D N A  represents only 0 .1 -1 %  of the
total D N A  (Borst and Kroom, 1969; Nass, 1966; Nass, 1974) so that, a t best, 
only 20pg could be hoped for from such an experiment. Therefore an indirect 
method of measurement has been used. The cellu lar DNAs were prelabelled with  
( 2 - 14C) -thymidine (Section 11 • 2 . i i .)  and the specific activ ity  of the purified nuclear 
D N A  was calculated by measuring the optical density of an aliquot followed by 
scintillation counting. The total 14C thymidine present in the mitochondrial D N A  
was measured by scintillation counting and the amount of D N A  present estimated by 
referring to the specific activ ity  of the nuclear D N A . This method has of course 
the major drawback that it assumes that ( 2 - ,4C)-thym idine incorporation into nuclear 
and mitochondrial D N A  is the same, resulting in the same specific ac tiv ity  (see 
Section I I . 3 . i i i c . ) .
To calibrate the extent of D N A  incorporation of radiolabelled thymidine into 
the two DNAs ten 150mm dishes of WME 3 °  were set up as in Section 11.2. i .  and 
dosed after 18 hours with 0 .125p C i/m l ( 2 - 14C) -thym idine. On day six the cells 
were harvested and the mitochondrial and nuclear DNAs were extracted.
. The nuclear D N A  was measured by optical density, the 14C content deter­
mined and the specific activ ity  calculated. The 14C content o f the mitochondrial 
D N A  was calculated and the amount of mitochondrial D N A  obtained estimated from 
this. The amount of D N A  in both samples was then determined using the micro 
method of H ill and W hatley (1975) I stock mithramycin was at a concentration of 
200pgm/ml 300mM M g C ^ . 2.375mls of ca lf thymus D N A  standards from 0-12pgm / 
ml were set up and 125pi of the stock mithramycin solution added to give a final 
volume of 2.5m l at lOpgm/ml mithramycin in 15mM M gCl2 . The emission fluore­
scence at 540nm of the sample was determined on a Perkin-Elmer M PF-3 Fluorescence 
Spectrophotometer with an excitation wavelength of 440nm, giving the standard 
curve seen in Figure 11.8.
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By optical density the total nuclear D N A  was measured as 746pgm and by 
specific activ ity  the mitochondrial D N A  represented 0 .1 9 9% , equivalent to 1 .48  
pgm.
By fluorescence 765pgm of nuclear D N A  was shown to be present with  
2.22pgm of mitochondrial D N A  or 0 .290%  of the nuclear D N A  as opposed to
0 .1 9 9%  as calculated by the comparison of specific activities method. The two 
nuclear results are in good agreement, a variation of only 2 .5 % . However, the 
direct measurement method indicates that approximately 1 .5  times as much m ito­
chondrial D N A  is present than is estimated by the comparison of specific activ ities  
method. The significance of these results is discussed in Section l l . 3 . i i i c .
I l . 2 . x i i i .  Hydrolysis of D N A
Samples of mouse skin, nuclear or mitochondrial DNA that had been purified  
and characterised had 8mgm of carrier ca lf thymus D N A  added and were then hydro­
lysed to deoxyribonucleosides by a modification of the method of Baird and Brookes 
(1 9 7 3 ). The D N A  solution (approximately 9ml) was made up to 0 .0 1 M  MgCfe/
0 .0 1 M  Tris-HCI pH 7 .2  by the addition of one tenth volume of 0 . 1M M g C ^ , 0 . 1M 
Tris-HCI pH 7 .2 ,  2 ,0 0 0  Kunitz units of DNAase I (approximately 2 ,7 0 0  Kunitz 
units/mgm) were added and incubated at 37°C  for three hours. An equal volume 
(approximately lOmls) of 0 .1 M  Tris-HCI pH 9 .0  was added, followed by 0 .4  units of 
phosphodiesterase (about 0 .1 6  units/mgm) and 20 units of alkaline phosphatase (100  
u n its /l5 0 p l) , and incubated at 37°C  for 24 hours. The hydrolysates were then 
stored frozen or, if they were to be used immediately, they were prepared for column 
chromatography by reducing the volume by evaporation under vacuum to approximate­
ly 4mls, made to 30% methanol by volume, and centrifuged at l ,0 0 0 g  for five  
minutes to pellet the precipitated proteins.
I l .2 .x iv .  Column chromatography
Sephadex columns (90 x 1 .5cm) (Pharmacia Fine Chemicals, Uppsala, 
Sweden) packed to a height of 80cms with Sephadex LH 20 (Pharmacia Fine 
Chemicals, Uppsala, Sweden) in methanol as described by Baird and Brookes (1973) 
and equilibrated to 30% methanol were used for the separation of deoxyribo- 
nucleoside-hydrocarbon adducts and unmodified deoxyribonucleosides. 25pgm of 
4-(p -n itrobenzyI) -pyridine (Koch-Light Laboratories, Colnbrook, Bucks) in 50pl 
30% methanol was added to the D N A  hydrolysate prior to layering on to the column. 
This compound has a strong absorption in the u ltra -v io le t range and acts as an 
elution marker so that different chromatographs may be compared. The sample was 
layered on the column and eluted using a methanol-water gradient in itia lly  a t 30%  
methanol and running to 100% methanol. The gradient was formed by pumping w ith  
an LKB 2120 varioperpex peristaltic pump (LKB, Stockholm, Sweden) from a 600ml 
beaker containing 500mls of 30% methanol which was connected to a second 600ml 
beaker containing 550 mis of 100% methanol. Both solvents were degassed before 
use. Approximately 5ml fractions were collected on an LKB 7000 Ultrorac fraction  
collector and the progress of the chromatography was followed with an LKB 8300 
Uvicord II detector and bar chart recorder connected to the fraction collector set to 
measure UV, transmission at 254nm. This detects the unmodified nucleosides and the 
U V  marker, but not the nucleoside-hydrocarbon-aducts which are present in too 
small quantities. As found by Baird and Brookes, the unmodified nucleosides eluted  
in the first 200mls (40 fractions) while the modified nucleosides followed in the 
later fractions. A fter use the columns were washed w ith half a column volume of 
100% methanol (approximately 75mls) and then re-equilibrated w ith 30%  methanol 
with one column volume (150mls) . The volumes of the collected fractions were 
checked and routinely 1 .5mls were counted on a scintillation counter, although
occasionally 3mls were used. 3H recovery was 80-100% , 14C was 9 5 -10 0 % . The 
u ltra -v io le t spectrum of each of the four deoxyribonucleosides was periodically  
checked to ensure their identity and they were also occasionally chromatographed by 
thin layer chromatography on Eastman Chromatogram Cellulose sheets without a 
fluorescence indicator in aceton itrile :w ater:g !acia l acetic ac id , 8 0 :1 5 :5  by volume 
against deoxyribonucleoside standards to check their identity (see Section I l . 3 . i i i )  .
11. 2 . x v . Caesium chloride -  Ethidium bromide gradients
W hile caesium chloride gradients can be used to separate D N A  by virtue of 
its G ,C  content, the addition of ethidium bromide allows the separation of D N A  due 
to its physical structure, and at the correct concentration facilitates the separation 
of closed superhelical circles from open circles (Radloff e t a l . ,  1967 ). (This does 
occur to a small extent in caesium chloride alone) .
Mitochondrial D N A  was extracted as described in Section 11.2 .x . The 
solutions of mitochondrial D N A  were adjusted to 4.2mls and 4.06gms of caesium 
chloride (Fisons, Loughborough, Leics.:) was added. The solution was left standing 
overnight at + 4 ° and then centrifuged at 16,000g for 20 minutes. The supernatant 
was decanted off and adjusted to 5 .1  mis with a density of 1.57642gm /cc and 
checked with a refractometer (refractive index 1.38800) . 51 pi of a lOmgm/ml
solution of ethidium bromide (BDH, Poole, Dorset) was added to a final concentration 
of lOOpgm ethidium bromide per ml (Radloff et a L , 1967) and overlayed w ith liquid  
paraffin. The tube was centrifuged at 100,000g on a Beckman L2-65B U ltra ­
centrifuge in a Beckman 50 Ti rotor head for 46 hours a t 2 0 °C . The centrifuge tube 
was pierced at the bottom and the gradient unloaded in approximately 200pl fractions, 
lOOpI being counted on a scintillation counter and the other lOOpI used to determine 
the density of the fraction by means of its refractive index (see Section I I . 2 .x i . arid
Figure 11.20)
11 .2 .xv i. Autoradiography
Six 150mm plates of WME 3 ° were dosed each with one of the six generally 
tritiated hydrocarbons: benzo(a) pyrene, 3-methylcholanthrene, 7 , 12-d im ethyl- 
benz(a) anthracene, benz(a) anthracene, 1 5 ,16-d ihydro-ll-m ethylcyclopenta(a)-  
phenanthren-17-one and its 12-methyl isomer a t 12 .5pC i/m l for 24 hours. The* 
media was aspirated and the cells were fixed in 15mls of glutaraldehyde in S/rensons 
buffer for 60 minutes. The cells were then washed with three changes of 15mls of 
S/rensons buffer and prepared for autoradiography and staining (see Appendix B) .
11.2.x v ii. Liquid scintillation counting
Radioactivity was measured using an LKB W allac  1215 Rackbeta liquid  
scintillation counter which was programmed to autom atically discriminate 14C and
a
H DPM in double label experiments. Radioactivity was measured in low background 
glass scintillation vials (Packard, Reading, England) containing TOmls of Aquasol 
Universal LSC cocktail (N ew  England N uclear, Boston, Mass. USA) . Counting
A  I i
efficiencies of approximately 40%  for H and 50%  for C were obtained on the 
double label programme.
11.3. Results
il .3 .1 . Preface
In 1964 Brookes and Lawley carried out the first quantitative study of the 
binding of tritiated polycyclic hydrocarbons to D N A  jri vivo. They found that the 
binding to D N A  was related to the Iball index of the compound. A  similar study 
was carried out by Goshman and Heidelberger (1967) who found discrepancies in the 
D N A  binding-carcinogenicity relationship, including the fact that two non- 
carcinogenic hydrocarbons bind to D N A . However, these findings were based on 
the total amount of radioactivity associated with the extracted D N A .
Sephadex LH 20 chromatography was first used to separate carcinogen 
modified nucleic acid products by Kriek (1969) . Baird and Brookes (1973) sub­
sequently modified the procedure to separate the products of hydrolysis of D N A  
extracted from cells in culture that had been treated with a tritiated hydrocarbon. 
They separated the modified nucleoside from the 'natura l', unmodified ones and 
showed that some of the tritium associated with the D N A  was not attached to the 
hydrocarbon but had been metabolised away, reutilised, and incorporated into un­
modified nucleosides. This brings into question any result which is obtained on the 
basis of total radiolabel associated with D N A , and not calculated from separated 
nucleoside-hydrocarbon adducts. In this study a ll D N A  samples for which hydro­
carbon-binding indices were required were enzym atically hydrolysed to deoxy- 
ribonucleosides and the modified deoxyribonucleosides separated by Sephadex LH 20 
chromatography. The levels of binding of hydrocarbon to D N A  were determined 
using the amounts of radioactivity present in the modified deoxyribonucleoside 
fractions, on the assumption that the specific activity of the group,' 
transferred had not altered.
I I .3 .H .  The persistence of binding of the carcinogen 1 5 ,1 6 -d ih y d ro -ll-m e th y l-
cyclopenta(a) phenanthren-17-one
a) Method
In order to establish the pattern of D N A  binding of the cyclopenta(a)phen- 
anthrene in v ivo , six groups of 15 seven to nine week old male T .O .  mice were 
shaved dorsally w ith e lectric  clippers and 24 hours later 400pgm of the generally  
tritia ted  carcinogen (1 3 .9 C i/m  mole) was applied to the shaved area of each mouse 
in 40pl of toluene, covering an area of approximately 2.5cm  x 2 .5cm . 400pgm is 
known to be a powerful initiating dose of the carcinogen which, when followed by 
twice weekly promotion with croton oil gives rise to tumours in 90%  of animals 
treated, with a mean latent period of 35 weeks (Coombs and Bhatt, 1978) .
A fter 24 hours and at subsequent times up to 35 days, mice were sacrificed 
and D N A  was isolated from the treated skin, hydrolysed and chromatographed as 
described in Section 11.2.
b) Results
Figure I I . 9 . shows the Sephadex LH 20 elution profile of a hydrolysate of 
D N A  extracted from mouse skin that had been treated wi th (G -3H) - 1 5 , 16-d ihydro- 
1 l-m ethyl-cyclopenta(a)phenanthren-17-one. In this profile and others obtained 
in the course of this experiment, three modified nucleoside peaks can be seen. The 
major peak (B) elutes a t approximately 230ml, the minor peak (A) around 195ml and 
the trace peak (C) at about 295ml.
Tritium is also present in some of the unmodified deoxyribonucleosides, 
presumably as a result of reutilisation of tritium that had been m etabolically removed 
from the labelled compound. Tritium is also present in two early-running peaks, 
one at 45-80ml which has no ultraviolet absorption at 254nm, and one (peak X ) a t 
approximately 85-95ml which does have a strong ultraviolet absorption a t 254nm.
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Fig. 11-9 Sephadex LH 20 elution profile of a hycrolysate of 
DNA extracted from mouse skin that had been treated with
I5.16-dihydro-11-methylcyclopenta(a)phenanthren-17--one
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Fig. 11-10 variation of binding in mouse skin of DNA adducts of 
15,16-dihydro-1 l-methylcyclopenta(a)phenanthren-17-one with time.
Figure 11.10. shows the variation of binding index of the carcinogen in n mol/fnol of 
D N A  phosphorous for peaks ( A ) , (B ), and ( X ) , calculated from the tritium associated 
with these peaks, and the known amount of D N A  hydrolysed (although no allowance 
has been made for the efficiency of the hydrolysis enzymes, a matter that is 
considered in Section I I . 3 . i i i . )  .
Time (hours) A  B X
23 4 70 180
48 24 135 240
119 16 131 124
191 10 40 30
455 2 24 30
840 2 16 6
Table I I . 1. Binding indices of metabolites of (G -3H) -1 5 -1 6 -d ih yd ro -11-m ethyl- 
cyclopenta(a) phenanthren-17-one to mouse skin D N A  (n mols/mol of 
D N A  phosphorous)
c) Discussion
Previous work by Coombs et a l . (1976) has shown that ( 14C) -la b e lle d  1 5 ,1 6 -  
dihydro-11-m ethyl-cyclopenta(a)phenanthren-17-one binds to D N A  in vitro via  
microsome mediated metabolism. Enzymatic hydrolysis of this D N A  followed by 
column chromatography of the resultant deoxyribonucleosides on Sephadex LH 20 
indicates the presence of three radioactive peaks eluting after the natural nucleo­
sides. These consist of a major peak eluting a t approximately 240m l, a small peak 
eluting at approximately 40ml earlier and a trace of a third peak eluting  
approximately 70ml later than the major peak. The same pattern was observed in 
vitro using D N A  from a number of sources: salmon sperm, E. co li, ca lf thymus and
untreated mouse skin.
Coombs et a L  (1979a) have proposed that peak (B) arises from the opening 
of the epoxide in the (1) -an ti form of the 1,2 -d ih y d ro -l ,2 -e p o x y -3 ,4 -d ih y d ro -  
trans-3 ,4 -d io l to give the nucleoside adduct, as in Figure I l . 9 . ( i i ) ,  and probably, 
as in the case o f benzo(a) pyrene, via the exocyclic N -2  group of guanine (Section
l . l . v i .  and Figure 1.5) . Peak (A) which elutes some 40ml earlier than peak (B) is 
probably the 15- or 16-hydroxy derivative of the hydrocarbon of adduct (B) .
Adduct peak (C) is present in too small a quantity to have been analysed.
OH OH
Figure I I . 9 . ( i i )  . The ultimate reactive form of 1 5 ,16-d ihydro-l 1-methyl -  
cyclopenta(a) phenanthren-17-one.
Both of the early running tritium containing peaks are seen in hydrolysates of 
a ll the carcinogenic hydrocarbons used in this study (see Section II .3 .  i i i . )  . The 
first of these is decreased in size when D N A  is precipitated before hydrolysis 
(Coombs et a L , 1979a) . As it contains no discernible u ltravio let absorption at 
254nm it possibly consists of carcinogen-modified peptides that have not been 
completely removed by the extraction procedures. It does seem to exist in greater 
amount in D N A  that has not been passed through the purification steps (Section I I .
3 . i i i . ) . Peak (X ) however is not decreased by precipitation of the D N A  prior to
hydrolysis nor is it decreased in size by reincubation with the enzymes used in the 
purification procedures. It has a considerable ultraviolet absorption at 254nm and 
elutes roughly in the area where polydeoxyribonucleotides are seen, although a 
litt le  la te , and so may represent partia lly  degraded D N A  m aterial. Peak (X ) has 
been noted in studies by other workers and they have postulated that it represents 
carcinogen modified D N A  (Dipple and Nebzydoski, 1978; Phillips, 1978).
W hile studying the binding of tritiated 7 , 12-dimethylbenz(a) anthracene to 
the D N A  of mouse embryo cells, Dipple and Nebzydoski (1978) noted that after 24 
hours exposure to the carcinogen there were similar amounts of radiolabel associated 
with peak (X ) and the later-running adduct peaks, but after 48 hours the tritium in 
peak (X ) represented only one tenth of the amount in the deoxyribonucleoside- 
adduct peaks. Possibly peak (X ) consists of D N A  tracts from areas of high carcino­
gen modification which makes it inaccessible to the hydrolysing enzyme. Possibly 
with time the adducts are removed by repair enzymes in the cell making the D N A  
more accessible to the hydrolysing enzymes. Certainly in this study a large amount 
of the tritium in peak (X ) is removed over a period of a week (Figure 11.10). 
However, this peak (X ) is also seen when D N A  that has not been exposed to any 
hydrocarbon is enzym atically hydrolysed. When D N A  that has been prelabelled  
w ith ( 2 - 14C) -thymidine is hydrolysed and chromatographed on Sephadex LH 20  
(see Section 11.3. i i i . )  labelled thymidine is present in two peaks. Approxim ately  
85% is found in the area corresponding to thymidine, the remaining 15% is assoc­
iated w ith peak ( X ) . (None is seen in the even earlier running peak substantiating 
the theory that it represents protein and not nucleic acid m ateria l.) Peak (X ) then 
is a deoxyribonucleoside containing substance and as it is found in untreated D N A  
may represent deoxyribonucleic acid material attached to other material that 
inhibits the total hydrolysis of the D N A , such as protein.
Both adduct peaks (A) and (B) show an increase of binding of the carcinogen 
to D N A  with time up to a maximum at 48 hours. This is probably accounted for by 
the time required for the compound to pass through the upper keratinous layer of the 
skin and be absorbed by the skin cells. Phillips (1978) made a similar finding w ith  
dibenz(a,h) anthracene and dibenz(a, c) anthracene. These were 'painted1 on to 
mouse skin and the DNA extracted a t subsequent times afterwards. D ibenz(a ,c) -  
anthracene reached its peak binding at 24 hours, while dibenz(a,h)anthracene took 
72 hours. Phillips (1978) attributes this to their different lip id  solubilities. 
Dibenz(a, h) anthracene is less soluble than dibenz(a, c) anthracene in organic solvent 
and this is reflected in its slower uptake into the cells of mouse skin.
O ver the following six days the cyclopenta(a) phenanthrene adducts (A ) and 
(B) are removed from the D N A  so that after 191 hours adduct (A ) is present a t 47%  
of its 48 hour maximum level and adduct (B) at 30% . However, over the subsequent 
650 hours (27 days), both adducts decay only slowly so that 840 hours (35 days) after 
administration there is still 8% of the 48 hour maximum of adduct (A ) remaining and 
12% of adduct (B) . This slow decay of adduct possibly represents dilution due to 
new D N A  synthesis and the excoriation of adduct-containing skin cells rather than 
direct 'repair' of the modified deoxyribonucleoside. So, after 35 days some 10% of 
hydrocarbon-deoxyribonucleoside adduct remains in the D N A . In the case of both 
dibenz(a)anthracenes previously mentioned, Phillips (1978) noted a rapid decrease 
of adduct over the 48 to 72 hour period following maximum binding, but by 144 hours 
after administration this decrease levelled off with about 25% of the maximum value 
remaining. However, Phillips (1978) states that eight weeks after treating mouse 
skin w ith labelled 7 , 12-dim ethylbenz(a)anthracene, benzo(a)pyrene, d ib e n z (a ,h )-  
anthracene and dibenz(a,c) anthracene no radioactive adduct peaks were detected.
The fa irly  rapid removal of the cyclopenta(a)phenanthrene adducts (A) and 
(B) over the 48 to 191 hour period suggests that these two adducts are recognised by 
repair enzymes, i .e .  enzymes that recognise and remove damaged D N A  and then 
' f i l l 1 the resultant gap. The eventual decrease in the removal of adducts is there­
fore not due to the nature of the adducts themselves but to some other factor such as 
their location in the c e ll. The long term persistance of these adducts may be because 
they are in some section of the nuclear D N A  which is inaccessible to repair enzymes, 
or in some other D N A  in which repair is not as e ffic ien t, such as mitochondrial D N A .
Whole cell D N A  extractions consist predominantly or exclusively of nuclear 
D N A . To establish whether mitochondrial D N A  would survive the extraction and 
purification procedures employed approximately 0.5pgm ( 2 - 14C) -thymidine labelled  
mitochondrial D N A  (Section I I . 2 . x . )  was added to 15mg of ca lf thymus carrier D N A  
and taken through the extraction and purification procedures (Section 11.2 .  vi i i . . 
Thirty per cent, of the mitochondrial D N A  remained at the end of the procedure, the 
losses occurring mainly during the phenol extractions. It is like ly  however that 
precipitating the D NA during the extraction, as is often done, would result in greater 
losses. Thus some mitochondrial D N A  does survive the extraction procedures employed 
here in the extraction of mouse skin D N A , and any adducts present would contribute 
to the adducts seen by Sephadex LH 20 chromatography.
11.3. i i i .  The binding of polycyclic aromatic hydrocarbons to the nuclear and m ito­
chondrial D N A  of whole mouse embryo tertiary fibroblasts
a) Method
Fifteen plates of WME 3 ° fibroblasts were cultured in the presence of ( 2 - 14C) -  
thymidine and one of the generally tritiated polycyclic aromatic hydrocarbons.* 
benzo(a)pyrene, benz(a)anthracene, 7 , 12-dim ethylbenz(a)anthracene, 3 -m e th y l-  
cholanthrene, 1 5 ,16-dihydro-l 1-m ethyl-cyclopenta(a) phenanthren-17-one or its 
12-methyl isomer as described in Section 11.2. From these cells mitochondria and
nuclei were isolated, purified, and the D N A  extracted, purified, hydrolysed and 
chromatographed as described in Section 11.2.
b) Analysis of radioactive peaks eluted from Sephadex LH 20 columns
To prove that the late-running tritium containing peaks are indeed hydro­
carbon deoxyribonucleoside adducts, Phillips (1978) extracted D N A  from mouse skin 
that had been treated with generally tritiated 7 , 12-dimethylbenz(a) anthracene and 
degraded it with DNAase I only; with DNAase I and phosphodiesterase; and with  
DNAase I, phosphodiesterase and alkaline phosphatase; and chromatographed the 
products on Sephadex LH 20 using the system described in Section l ! .2 .x iv .  In the 
first case, a ll of the radioactivity eluted a t about 50ml (oligodeoxyribonucleotides) 
and in the second case at about 70ml (monodeoxyribonucleotides) . O n ly  when the 
D N A  was degraded to its constituent deoxyribonucleosides were late-running (a fter  
the last natural, unmodified deoxyribonucleoside, deoxyadenosine at about 200ml) 
tritium containing peaks seen. He therefore concluded that these peaks must be due 
to the release of deoxyribonucleoside-hydrocarbon adduct and that hydrocarbon that 
was not covalently bound was not present.
To confirm this, 20% of a hydrolysis of nuclear D N A  extracted from 3-m ethy l-  
cholanthrene treated cells was removed after DNAase treatment. The remaining 
80% was hydrolysed as normal (Section II . 2 . x i i i •) and chromatographed on Sephadex 
LH 20 (Figure II. 1 5 . ) ,  the partially  degraded D N A  also being chromatographed on 
the same system (Figure 11.11) . As can be seen, peaks corresponding to the two 
main peaks in Figure II .  15 are present in Figure 11.11. However, w hile the bulk of 
the 14C in the partially  hydrolysed D NA elutes a t 60-90ml (oligodeoxyribonucleo­
tides) a small amount is seen in the ultraviolet absorbing peaks at 95ml and 130ml. 
There are five such u ltravio let absorbing peaks corresponding in position in this 
system to peak (X ) (Section 11.3. i i . )  and the four unmodified deoxyribonucleosides.
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Scanning ultraviolet spectrophotometry showed that the four peaks did indeed 
have spectra characteristic of the four deoxyribonucleosides that are the constituents 
of D N A . The peak eluting a t 115ml absorbed maximally a t 271 nm (deoxycytid ine), 
the 14C containing peak eluting at 130mls absorbed maximally a t 267nm (deoxy- 
thym idine), the peak eluting at 147mls absorbed maximally at 254nm and 273nm 
(deoxyguanosine) and that a t 273m!s absorbed 260nm (deoxyadenosine) . The four 
fractions were concentrated and chromatographed by ascending thin layer chromato­
graphy as described in Section I l .2 .x iv .  against four deoxyribonucleoside standards 
corresponding to the putative identities of the test samples. The samples gave 
exactly the same Rf. values as the respective standards: deoxycytidine 0 .2 9 ,  
deoxythymidine 0 .7 ,  deoxyguanosine 0 .1 7  and deoxyadenosine 0 .3 6 . Thus the 
DNAase used in this study must have been contaminated with enzymes which degraded 
a small amount of the oligodeoxyribonucleotides to deoxyribonucleosides. The 
amount of adduct released was also small and did not represent the amount that 
would be expected if the peaks were due to non-covalently bound hydrocarbon, but 
was close to the amount that would be expected, by comparison with the complete 
hydrolysis, if the hydrocarbon was indeed covalently bound. So w hile not f u l l y  
confirming Phillips' (1978) result it does not conflict, and as w ill be seen la ter, the 
Sephadex LH 20 profiles are in many cases comparable to published results which are 
accepted as being due to covalently bound hydrocarbon-nucleoside adducts and not 
due to non-covalently bound hydrocarbon, i .e .  intercalated hydrocarbon, which 
would be released by enzymic digestion of D N A .
c) Calculation of binding indices of hydrocarbons
Due to the ambiguous nature of the tritium in the early peaks, only tritium  
in the peaks eluting after the natural deoxyribonucleosides was considered for the 
calculation of D N A  binding (the radiolabel present in peak (X ) has been included in
the binding index in some studies (Phillips, 1978; Phillips e t a l . ,  1 9 7 8 )).
( 2 - 14C) -thymidine incorporated in D N A  is seen in only two peaks when the D N A  is 
hydrolysed and chromatographed on Sephadex LH 20, that corresponding to 
thymidine eluting at 130ml and peak ( X ) , which also contains tritium and has an 
ultravio let absorption a t 254nm. This must represent some form of partia lly  degraded 
material derived from the D N A  as it contains 14C . Thus only a percentage of the 
D N A  is hydrolysed to deoxyribonucleosides and the amount of 14C thymidine 
released divided by the total 14C present (xlOO) is taken as the effic iency of the 
hydrolysis. As adducts are only released by hydrolysis the measured amount of 
adducts can only come from the hydrolysed D N A , the amount of which is taken to be 
the measured amount of D N A  prior to hydrolysis corrected for by the effic iency of 
hydrolysis.
Due to the small amount of mitochondrial D N A  extracted it was not possible 
to measure directly the amount of mitochondrial D N A  present in each experiment.
The amount of mitochondrial D N A  present was therefore estimated from the specific 
activ ity  of the ( 2 - ,4C )-thym id ine labelled nuclear D N A  (Section 11.2 .  x i i .)  . This 
method assumes that the incorporation of ( 2 - 14C) -thymidine into nuclear and m ito­
chondrial D N A  is the same, resulting in the same specific a c tiv ity . The literature  
on this subject is not of one accord. The preferential incorporation of D N A  pre­
cursors into mitochondrial D N A  in adult rat liver has been observed by a number of 
workers (Schneider and Kuff, 1965; Nass, 1967; Gross et a I . ,  1968 ), while
A
Chang e t a [ .  (1968) found that (m ethyl- H) -thymidine incorporation into nuclear 
D N A  exceeded incorporation into mitochondrial D N A  in two transplantable rat 
hepatomas and in the host rat livers. However, liver cells are not turning over 
rapidly and the preferential incorporation of labelled deoxyribonucleosides into 
mitochondrial D N A  in adult rat liver may well be due to mitochondrial D N A  turn­
over which is greater than nuclear D N A  turnover in stationary cells. Neubert et al. 
(1968) have shown that in the adult rat the liver mitochondrial D N A  has a half life  
of nine days, w hile nuclear D N A  has a half life  greater than 100 days. Neubert 
et a L  (1968) have also shown that while adult 300gm rats have mitochondrial D N A  
with 50 times the specific activ ity  of nuclear D N A  following an injection of 
tritiated thymidine, in 200gm rats it was only 22 times, in 130gm rats 3 .5  times, in 
60gm rats 1 .4  times, and in 13 day old rats 0 .7  times. Thus, in rapidly dividing  
cells the incorporation of tritia ted  thymidine into both nuclear and mitochondrial 
D N A  is approximately equal.
Although the WME 3 °  cells used in this project are stationary when treated 
w ith the hydrocarbons, when prelabelled with radiolabelled thymidine 18 hours after 
seeding they are in the log phase of growth and by comparison w ith the results of 
Neubert et aL  (1968) there would be slightly less incorporation into mitochondrial 
D N A  than nuclear D N A , but as the cell growth rate slowed, this trend would be 
reversed. O f course the different A , T content of the nuclear and mitochondrial 
DNAs (Section I I . 2 . x i . )  would also effect the respective specific activ ities .
Measuring the amount of mitochondrial D N A  by the micro-method of H ill and 
W hatley (1975) (Section I I . 2 . x i i . )  indicated that the specific ac tiv ity  of the 
nuclear D N A  was up to 1 .5  times that of the mitochondrial D N A . This may 
represent a true difference in specific activ ities, but even using this sensitive D N A  
measurement technique, the amount of mitochondrial D N A  present was on the lim it 
of resolution. Therefore, bearing this and the results of Neubert et al .(1968) in 
mind, mitochondrial D N A  was estimated using the comparison of specific activ ities  
method, assuming the specific activ ity  of the two DNAs to be the same, while  
remembering that the amount of mitochondrial D N A  actually present may possibly be
up to 1 .5  times as much as the amount estimated.
The binding index of hydrocarbon to mitochondrial D N A  is also corrected for
by the efficiency of hydrolysis of the D N A .
d) Results
The results are presented as pmols of compound bound per mol. of D N A  
phosphorous.
Benzo(a) pyrene
Three separate binding experiments were carried out. The W ME 3 °  cells were 
dosed with benzo(a)pyrene for 24 hours as follows: i,  0.235pgm /m l a t 18Ci/m  mol; 
i i ,  0 .157  pgm/ml a t 27C i/m  mol; i i i ,  0.235pgm /m l a t 27C i/m  mol . In the third 
example 0 . 125pCi/ml ( 2 - 14C) -thymidine was used instead of the standard 0 .0 8 3 p C i/  
m l. In a ll three cases the respective mitochondrial or nuclear D N A  had the same 
Sephadex LH 20 elution profile after hydrolysis. An example is shown in Figure 11.12. 
Four adduct peaks were noted and their binding indices are tabulated below.
i .  18C i/m  mol 0.235pgm /m l 24 hours
Peak: A B C D Total
Nuclear D N A  0.221 4 .1 6 8  0 .968  0 .2 2 4  5 .6
Mitochondrial D N A  14.09 144.59 29 .39  6 1 .2 3  249
m t.D N A /n  D N A  64 35 31 251 45
i i .  27C i/m  mol 0 . 157pgrr/ml 24 hours
Nuclear D N A  0 .202  2 .9 3 8  0 .524  0.301 3 .9 6 5
Mitochondrial D N A  4 .1 4  7 3 .4 4  12.68 3 5 .9 2  126.18
m t.D N A /n  D N A  20 25 24 120 32
i i i .  27C i/m  mol 0.235pgm /m l 24 hours
Nuclear D N A  0 .262  7 .9 3 8  0.901 0.241 9 .3 4 2
Mitochondrial D N A  4 7 .8 0  3 18 .40  6 1 .8 8  148.09 576 .17
m t.D N A /n  D N A  182 40 69 615 62
Table I I . 2 . Binding indices of benzo(a)pyrene deoxyribonucleoside adducts 
obtained from the hydrolysis of nuclear and mitochondrial D N A
The large variation in peak (A ) may be due to overlap from peak (B) as the 
two peaks do not separate well in this system.
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Figure 11.12. Sephadex LH 20 elution profiles of hydrolysates of a) nuclear 
and b) mitochondrial D N A  extracted from W ME 3 °  fibroblasts 
that had been incubated w ith benzo(a) pyrene for 24 hours.
Benz(q) anthracene
Two binding experiments were carried out. The WME 3 °  cells were dosed 
w ith 0.644pgm /m l of benz(a)anthracene at 5 .9 C i/m  mol for 24 hours. Typical 
elution profiles are shown in Figure II .  13. The binding indices of the adduct peaks 
are tabulated below.
i .  5 .9 C i/m  mol 0.644pgm /m l 24 hours
Peak: A  B C D E Total
N uclear D N A  0 .323  0 .037  0 .0 0  0 .0 0  0 .0 0  0 .3 6 0
Mitochondrial D N A  31.61 9 .11  5 .1 7  2 .7 4  15 .68  6 4 .3
m t.D N A /n  D N A  98 241 179
D E Total
0 .0 0  0 .0 0  0 .5 1 4
9 .2 7  4 9 .5 7  144.73  
282
Table 11.3. Binding indices of benz(a)anthracene-deoxyribonucleoside
i i .  5 .9 C i/m  mol 0.644pgm /m l 24 hours
Peak: A  B C
N uclear D N A  0 .4 3 8  0 .0 5 8  0 .018
Mitochondrial D N A  6 3 .94  18.92 3 .027
m t.D N A /n  D N A  146 326 168
adducts obtained from the hydrolysis of nuclear and mitochondrial D N A
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Figure 11.13. Sephades LH 20 elution profiles of hydrolysates of
a) nuclear, and b) mitochondrial D N A  extracted from WME  
3 °  fibroblasts that had been incubated w ith benz(a) -  
anthracene for 24 hours.
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7 , 12-dimethylbenz(a) anthracene
Two D N A  binding experiments were carried out with this potent carcinogen. 
WME 3 °  fibroblasts were dosed with 0.212pgm /m l of 7 , 12-dimethylbenz(a) anthracene 
at 1 9 .6 C i/m  mol for 24 hours. Sephadex LH 20 elution profiles typical of the 
nuclear and mitochondrial DNAs are shown in Figure 11.14. and the binding indices 
are tabulated below.
i.  19 .6C i/m  mol 0.212pgm /m l 24 hours
Peak: A  B C D  Total
Nuclear D N A  5 .4  5 .1 9  2 .2 3  1 .18  14 .00
Mitochondrial D N A  320.27  325 .50  130.70 5 7 .3 0  833 .77
m t.D N A /n  D N A  59 63 59 49 60
i i .  19 .6C i/m  mol 0.212pgm /m l 24 hours
Peak: A  B C D  Total
Nuclear D N A  2 .9 6  5 .1 7  1 .22 0 .7 5  10.1
Mitochondrial D N A  4 53 .20  3 93 .50  5 8 .1 7  5 5 .9 7  9 6 0 .8 4
m t.D N A /n  D N A  153 76 47 75 95
Table 11.4. Binding indices of 7 , 12-dimethylbenz(a) anthracene- 
deoxyribonucleoside adducts obtained from the hydrolysis of nuclear
and mitochondrial D N A
IO ;O<o o o oCDOO OQ.<V 00 
Q  o
-o
in
Q Q
.Q O
UJ
o
■o
o
o
CM
o
-o
o o
o
CO
o
CD
Oo > .oCDO
Figure 11.14. Sephadex LH 20 elution profiles of hydrolysates of a) nuclear 
and b) mitochondrial D N A  extracted from WME 3 ° fibroblasts 
that had been incubated w ith 7 , 1 2-dim ethyIbenz(a) anthracene 
for 24 hours
3-m ethy l cholanthrene
Three D N A  b ind ing  experim ents were carried  out w ith  3 -m ethy lcho Ian threne  
a t a sp e c ific  a c t iv ity  o f 9 C i/m  m o l. Two were carried  out a t a concentra tion  o f
0 .469pgm /m l and the th ird  w ith  0 .744pgm /m l fo r 24 hours. In the th ird  experim ent
0 .1 2 5 pCi o f ( 2 - 14C) -thym id ine  was used instead o f the standard 0 .0 8 3 p C i. Typ ica l 
Sephadex LH 20 e lu tion  p ro files  are shown in Figure 11.15. The b ind ing  indices are 
tabu la ted in Table 11.5.
1. 9 C i/m  mol 0 .496pgm /m l 24 hours
Peak: A B c D Total
N u c le a r D N A  1.92 14.62 5 .0 8 0 .45 22 .07
M ito ch on d ria l D N A  127 573 209 .3 135 1044.3
m t.D N A /n  D N A  66 39 41 300 47
9 C i/m  mol 0 . 4 9 6 p g r r / m l  24 hours
Peak: A B C D Total
N u c le a r D N A  1.77 14.66 4 .3 5 0 .82 2 1 .6
M itochond ria l D N A  58 .35 541 .04 165.39 2 41 .4 1006.18
m t.D N A /n  D N A  33 40 40 2 93 .4 47
9 C i/m  mol 0 .744pgm /m l 24 hours
Peak: A B C D Total
N u c le a r D N A  4 .4 4 2 5 .5 9 .4 5 1.67 43
M itochond ria l D N A  5 39 .4 3525 7 8 9 .6 929 5784
m t.D N A /n  D N A  121 138 84 556 134
e 11.5. Binding indices of 3-methy1cholanthrene aeoxvribo-
nucleoside adducts obtainea from the hydrolysis of
nuclear and mitochondrial DNA
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Figure 11.15. Sephadex LH 20 e lu tio n  p ro files  o f hydrolysates o f
a) n uc lea r, and b) m itochond ria l D N A  e x trac te d  from 
WME 3 °  fib rob lasts tha t had been incubated w ith  
3 -m e thy l cholanthrene fo r 24 hours
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1 5 ,16-dihydro-l 1 -m ethyl-cyclopenta(a) phenanthren-17-one
The binding of this compound to cellu lar D N A  was examined only once.
WME 3 °  fibroblasts were incubated with 1 ,25pgm/ml a t 13 .9C i/m  mol for 48 hours. 
The Sephadex LH 20 elution profile of the extracted nuclear and mitochondrial 
DNAs are shown in Figure 11.16. The binding indices of the adducts are shown in 
Table 11.6.
13.9  C i/m  mol 1.25pgm/ml 48 hours
Peak: A  B
Nuclear D N A  0 .0 0  0 .455
Mitochondrial DNA 0 .0 0  249 .2
m t.D N A /n  D N A  0 .0 0  584
Table 11.6 Binding indices of 15,16-d ihydro-n -m ethyl-cyclopenta(a)phenanthren-  
17-one-deoxyribonucleoside adducts obtained from the hydrolysis of
C D Total
0 .034  0 .4 0  0 .529
5 1 .3 2  11.12 311 .64
1509 278 589
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Figure I I .  16. Sephadex LH 20 elution profiles of hydro lysates of a) nuclear and 
b) mitochondrial D N A  extracted from WME 3 °  fibroblasts that had 
been incubated w ith 1 5 ,16-d ihydro-II-m ethyI-cyclopenta(a) r  
phenanthren-17-one for 48 hours.
15 ,1 6 —dihydro—12-methyl -cyclopenta(g) phenanthren-17-one
Two D N A  binding experiments were carried out on this non-carcinogen.
WME 3 °  cells were incubated with this compound at a concentration of 1 ,25pgm/ml 
at 2 7 .5 C i/m  mol. Typical Sephadex LH 20 elution profiles of the extracted mito­
chondrial and nuclear DNAs are shown in Figure 11.17. The binding indices of the 
adducts are set out below.
i.  2 7 .5 C i/m  mol 1.25pgm/ml 48 hours
Peak: A B C D Total
N uclear D N A 0 .0 0 0 .175 0.105 0 .028 0 .3 0 8
Mitochondrial D N A 0 .0 0 4 .6 7 6 3 .326 2 .2 6 0 10.064
m t.D N A /n  DNA 0 .0 0 27 30 81 33
i i .  2 7 .5 C i/m  mol 1.25pgm/ml 48 hours
Peak: A  B C D Total
N uclear D N A 0 .0 0 0.151 0 .070 0 .034 0 .255
Mitochondrial D N A 0 .0 0 19.93 12.82 9 .7 7 4 2 .5 2
m t.D N A /n  D NA 0 .0 0 132 183 287 167
Table 11.7. Binding indices of 1 5 .16-dihydro- 12-m ethyl-c:yclopenta(a) phenanthrei
17-one-deoxyribonucleoside adducts obtained from the hydrolysis of
nuclear and mitochondrial D N A
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Figure 11.17. Sephadex LH 20 elution profiles of hydrolysates of a) nuclear and 
b) mitochondrial D N A  extracted from WME 3 ° fibroblasts that 
had been incubated w ith 1 5 ,16-d ihydro-12-m ethyI-cycIopenta~  
(a)phenanthren-17-one for 48 hours.
From each experiment Imgm of nuclear D N A  was extracted w ith a ,4C 
specific activ ity  of 10* to 4 x 106 DPM/mgm.
e) Discussion
The aim of this series of experiments was to establish whether or not po ly - 
cyclic  aromatic hydrocarbons bind to mitochondrial D N A  in cells in culture and, if  
so, how the binding compares w ith the binding to nuclear D N A . No similar study 
has been carried out w ith polycyclic aromatic hydrocarbons, but many studies on the 
binding to whole cell D NA have been reported (Brookes and Lawley, 1964; W ig ley  
e t a L ,  1976; Huberman and Sachs, 1977; Phillips et a L , 1978). N uclear D N A  
is probably comparable to the whole cell D N A  extracts made in these studies as the 
mitochondrial D N A  only represents about 0 .1 %  of the total D N A  (Nass, 1974) and 
much of this may be lost in the whole cell D N A  extraction procedures (Section
I I .3 .  ii) .
Benzo(a) pyrene
The hydrolysates of nuclear D N A  extracted from benzo(a) pyrene-treated  
WME 3 °  cells and chromatographed on Sephadex LH 20 show a major peak (B) eluting  
at approximately 550m l. This appears to correspond to a similar peak obtained from 
the D N A  of hamster embryo cells (Sims et a L , 1974; Baird and Diamond, 1977) and 
mouse skin (Grover e t a L ,  1976) that contains the products of reaction between the 
isomeric benzo(a)pyrene 7 , 8-d ihydrodiol-9,10-epoxides and D N A . The elution  
profile of D NA adducts obtained from mouse skin treated with tritia ted  benzo(a) -  
pyrene by Phillips et a L  (1978) contains this major peak with a tritium 'hump1 
eluting after it , while the elution profile obtained by W igley et a [. (1976) from the 
D N A  of an epithelial cell line treated with benzo(a) pyrene is identical w ith the 
nuclear D NA profiles obtained in this study. There is a small peak (A ) running at
the front of the main peak (B ), a small peak (C) running behind the main peak which 
is followed by an even smaller 't a i l1 of radioactivity (D ) . The nature of these minor 
adducts has not been elucidated. The elution profile of the mitochondrial D N A  
shows that a ll of these four adducts are present. The overall binding index of 
adducts in mitochondrial D N A  is 32 to 62 times that of nuclear D N A , and this is 
reflected in the binding index of adducts (A ) , (B) and (C ) to mitochondrial D N A  
which are a ll increased by this amount. However, the adduct (D) which in nuclear 
D N A  is insignificant (representing approximately 5%  of the total adducts) has a 
binding index to mitochondrial D N A  126 to 576 times higher than to nuclear D N A ,  
and represents 25 to 30% of the total mitochondrial adducts.
Benz(a) anthracene
Hydrolysed nuclear D N A  from benz(a) anthracene treated WME 3 °  contained 
a main adduct peak (A) eluting at 400ml w ith a small peak following at 450mls.
Both of these peaks were seen in the corresponding mitochondrial D N A  which also 
possessed three other areas of radioactivity a t 540ml ( C ) , 600ml (D) and a large late  
running peak a t 680ml (E) . The overall binding index of benz(a)anthracene to 
mitochondrial DNA was 139 to 282 times greater than to nuclear D N A . This is not 
just a reflection of the existence of the extra adducts in mitochondrial D N A . Peak
(A ) binds about 100 times and peak (B) about 200 to 300 as much in mitochondrial 
D N A  than in nuclear D N A . From the shape of the radioactive fractions it is 
obvious that they are not homogeneous and in some cases , i . e .  peak (A ) they are 
composed of a number of adducts. Phillips (1978) extracted D N A  from mouse skin 
that had been treated with benz(a)anthracene. The Sephadex LH 20 elution  
profile of the whole cell D N A  hydrolysate is very similar to the mitochondrial 
pattern found in this study containing peaks ( A ) , (B ), (C) and ( D ) , but not (E ) , 
although it appears that the column may not have been eluted over a great enough
volume to detect It .
Swaisland et aL(1974b) demonstrated that the nucleoside adduct from 
hydrolysed D N A  extracted from benz(a) anthracene-treated hamster embryo cells 
eluted from Sephadex LH 20 as a major peak with a small trailing peak, similar to 
the situation in the nuclear D N A  hydrolysis in this study. Further, Swaisland et a l.  
(1974b) demonstrated that the nucleoside adducts formed by the reaction of the non- 
bay-region irans-8 ,9 -dihydrodiol-anti -1 0 ,1 1 -epoxide with D N A  in vitro eluted in 
the same fractions as the adducts from the benz(a) anthracene treated hamster 
embryo cells. However, later work has shown that the bay region trans- 3 , 4 -  
d ih yd ro d io l-l, 2-epoxide is probably the ultimate carcinogen (Levin e t a l . ,  1978) .
It may be that the result of Swaisland is due to a lack of resolution of positional 
isomers of dihydrodiol epoxides on Sephadex LH 20 (Tierney et a l . ,  1977) .
However, T h a k k e re ta L  (1979) have shown that while the 3 ,4-d ihydrodio l is the 
proximate carcinogen, it represents only 5%  of dihydrodiols formed by microsomal 
metabolism of benz(a)anthracene, the vast majority being the 8 ,9 -d ih yd ro d io l. The 
D N A  binding product of the 3 ,4 -d ih yd ro d io l-l,2 -ep o x id e  may be only a minor 
product while that of the 8 ,9 -d ih y d ro d io l-1 0 ,11-epoxide may be the major, 
although their tumourigenic roles are reversed. I f  this is true the major peak from 
hamster cells found by Swaisland et a L  (1974b) and corresponding w ith that found in 
the nuclear D N A  of WME 3 °  in this study, may be due to the 8 ,9 -d ih y d ro d io I-1 0 ,11 - 
epoxide. Swaisland (1974a) demonstrated that the K-region 5 ,6 -ep o x id e  of 
benzo(a) anthracene produced four adduct peaks eluting after those due to the 8 ,9 -  
dihydrodiol-1 0 ,1 1 -epoxide, in positions similar to those of the extra, later running 
peaks noted in the mitochondrial DNA in this study.
7 ,1 2-dim ethyl benzfa) anthracene
The Sephadex LH 20 profile of the hydrolysate of nuclear D N A  extracted 
from 7 , 12-dimethylbenz(a) anthracene treated WME 3 °  cells is very similar to that 
found by Phillips e t a L (  1978) in w hoie-cell D N A  extracted from mouse skin that had 
been treated with the carcinogen, and is almost identical to the elution pattern 
obtained by Dipple and Nebzydoski (1978) from treated mouse embryo cells.
There is a major peak (B) eluting at approximately 450ml with two smaller peaks (A) 
and (C) eluting at approximately 400ml and 500ml respectively, with a trace peak 
(D ) eluting at 580m l. Dipple and Nebzydoski (1978) conclude that the major peak
(B) is due to a mixture of stereoisomeric dihydrodiol epoxide adducts probably the
3 ,4 -d ihydrod io l-l ,2 -ep o x id e . Dipple et a I .(1979) propose that peak (A ) arises 
from the hydroxylation of a methyl group in the hydrocarbon part of adduct (B) . The 
mitochondrial D N A  contains a ll four deoxyribonucleoside adducts found in the 
nuclear D N A  with a total binding index 60 to 95 times greater than to nuclear D N A .  
However in this case the last eluting peaks are not represented by an exceptionally  
high binding index to mitochondrial D N A  as they are for benzo(a) pyrene and benz- 
(a)anthracene. In this instance it is the first peak (A ) that is increased in size more 
than the others. This peak probably represents the adduct due to the 7-hydroxy- 
m ethyl-12-m ethyl benz(a) anthracene 3 ,4 -d ihydrod io l-l ,2 -epoxide  (D ipple et a l . ,  
1979) . It has been suggested that hydroxylation of the 7-methyl group of 7 ,1 2 -  
dimethylbenz(a)anthracene precedes metabolism of the aromatic ring (Ivanovic et a L  
1978 ), but this has been disputed by Dipple et a L  (1979) who found that the pre­
dominant pathway leading to the binding of 7 , 12-dim ethylbenz(a)anthracene to the 
whole cell D N A  of mouse embryo cells did not require such prior metabolism. As 
this hydroxylation probably takes place after the metabolism of the aromatic nuclear 
ring and possibly even binding to the D N A  the increase of the hydroxymethyl
derivative bound to mitochondrial D N A  may represent a difference in the activ ity  of 
mitochondrial and nuclear enzymes capable of metabolising non-aromatic side- 
chains attached to polycyclic aromatic molecules.
3-methyl cholanthrene
The four major peaks seen in the Sephadex LH 20 elution profile of the 
hydrolysate of nuclear D N A  extracted from WME 3 °  cells that had been treated w ith  
3-methyIcholanthrene are very similar to those described by Phillips e t a l.  (1978) 
obtained from D N A  extracted from mouse skin that had been treated w ith 3 -m ethyl-  
cholanthrene. There is a major peak (B) eluting a t 400ml with a small peak (A) 
running at 300ml, a later peak (C) at 530ml with a 'ta il ' at 580ml (D ) . King e t a l . 
(1977) found a similar pattern of adducts but with five peaks, the main peak 
separating out to give a following 'hump1, which in fact can be seen separating 
away from peak (B) especially in the mitochondrial D N A  preparation. King e t a l .
(1977) propose that the main adducts arise via the bay-region 9 , 10-d ihydrodio l-
7 , 8-epoxide, the number of adducts being due to various hydroxylations of the non- 
aromatic carbon atoms. Eastman et a L  (1978) found a similar pattern when 
3-methyl cholanthrene was bound to D N A  via microsomal I y mediated metabolism and 
demonstrated that the two main adduct peaks arose through binding to deoxy- 
guanosine. The mitochondrial DNA contains all four adduct peaks and the total 
binding index is 47 to 134 times the nuclear binding index. Peaks ( A ) , (B) and
(C) have binding indices to mitochondrial D N A  increased over nuclear D N A  by 
similar amounts to the total binding index, while peak ( D ) , the smallest peak in the 
nuclear D N A , comprises a substantial amount of the mitochondrial D N A  adducts and 
has a binding index 300 to 556 times greater than to nuclear D N A .
1 5 .1 6 —dihydro—11 -m ethyl-cyclopenta(a) phenanthren-17-one.
The major peak (B) resulting from Sephadex LH 20 chromatography of a 
hydrolysate of nuclear D N A  extracted from cells treated with 1 5 ,16-d ihydro-l 1 - 
methylcyclopenta(a) phenanthren-17-one elutes at approximately 250ml and 
chromatographically is the same as that found in Section 11 .3 .i i .  from mouse skin 
D N A  and which was identified as the D NA adduct of the 3 ,4 -d ih y d ro - l,2 -  
epoxide by Coombs e ta  I.  (1979a) . The earlier-running peak (A ) seen in mouse skin 
D N A  which is thought to arise from the 15- or 16-hydroxy derivative of the 3 ,4 -  
dihydro-1,2-epoxide (Coombs et a L , 1979b) is not present. Possibly this is due to 
a difference in the ab ility  of mouse skin cells and WME 3 °  cells to metabolise the 
non-aromatic carbon atoms. A small peak (C ) following the major peak (B) elutes 
at approximately 300ml followed by another small peak (D) at 380ml. The 
existence of peak (A) in mitochondrial D N A  is d ifficu lt to establish due to the over­
lap of some early running tritium , but there is a suggestion of its existence. Peak 
(B) has a binding index 584 times greater to mitochondrial D N A  than to nuclear 
D N A , peak (D) has a binding index 278 times higher and the overall mitochondrial 
D N A  binding index is 589 times that of the nuclear D N A . Peak (C) though shows 
1509 times the extent of binding in mitochondrial D N A  than it shows in nuclear D N A  
and represents a major mitochondrial D N A  adduct species, unlike the nuclear D N A  
adduct peak (C) .
1 5 .16-d?hydro-12-m ethyl-cyclopenta(a) phenanthren-17-one
The metabolism and D N A  binding of the non-carcinogenic 1 5 ,16-d ihydro- 
12-m ethyl-cyclopenta(a) phenanthren-17-one has not been documented. Sephadex 
LH 20 chromatography of a hydrolysate of nuclear D N A  extracted from WME 3 °  cells 
that had been treated with this compound resulted in a major peak (B) eluting a t 
250ml corresponding to the major peak (B) found w ith the 11-methyl isomer and so
probably represents the 3 ,4 -d ih yd ro -l ,2 -epoxide of the 12-methyl compound. This 
peak binds 27 to 132 times as much in mitochondrial D N A  as it does in nuclear 
D N A . There is a suggestion of a peak corresponding to peak (A ) found w ith the 
11-methyl compound, but this has not been quantified. A  large peak at an elution  
volume of 300mls (C) corresponding to peak (C ) of the 11-methyl compound adducts 
exists in the nuclear D N A . This appears to be represented in the mitochondrial 
D N A  by a number of peaks, which taken as a whole bind 30 to 183 times as much as 
the nuclear peak ( C ) . F inally , there is a large peak (D) at 375ml in the m ito­
chondrial D NA equivalent to peak (D) of the 11-methyl compound adducts, which 
has a binding index of 81 to 287 times that of its corresponding nuclear D N A  peak. 
The overall binding to mitochondrial D N A  is 33 to 165 times that of the binding to 
nuclear D N A .
General discussion and evaluation of results
It would have been preferable to have controlled the concentration and 
specific activ ity  of the hydrocarbons used so that standard conditions were used in 
each experiment increasing the comparability of the results but this was impossible as 
the supply of hydrocarbons was such that the specific activ ity  of each was known 
only immediately prior to each individual experiment.
In a few cases there is a variation in the elution volumes of adduct peaks 
between different chromatographic runs, i .e .  Figure 11.12. This does not represent 
a real difference in adduct species but reflects a variation in the physical properties 
of the column packing m aterial. It can be seen that where there is an alteration in 
adduct peak elution volume there is a concomitant change in the elution volume of 
the u ltra -v io le t absorbing marker, showing that the change is due to the column.
A  number of peaks considered as one are obviously not homogeneous and are composed 
of more than one species o f adduct, possibly positional isomers. However they are
considered as one peak for the purposes of this study due to the d ifficu lty  in 
discriminating the overlap of tritium counts.
W ith  one exception, the nuclear D N A  was extracted w ith a ( 2 - '4C) -  
thymidine specific activ ity  of 106 to 4 x 1 O’5 DPM/mgm of D N A . This variation  
probably represents differences in the dose, variations in the original number of cells 
seeded and the exact time of dosing w ith the ( 2 - 14C) -thym idine.
A  number of studies have investigated the binding of potentially carcinogenic 
polycyclic aromatic hydrocarbons to mouse skin and to cells in culture (Brookes and 
Lawley, 1964; Goshman and Heidelberger, 1967; Huberman and Sachs, 1977; 
and Phillips, 1978) . W hile  some workers such as Phillips (1978) claim a re lation­
ship between D N A  binding and carcinogenicity (although not a proportionality) 
others find anomalies in this relationship, including the binding to D N A  of non­
carcinogens, although as a rule the strong carcinogens do tend to have a higher 
D N A  binding index. It must be remembered in interpreting these results that not a ll 
studies enzym ically hydrolysed the D N A  to its constituent deoxyribonucleosides for 
separation, and so the binding indices may be based on radiolabel associated with  
the D N A  but not w ith the hydrocarbon.
In this study six polycyclic aromatic hydrocarbons have been examined. ( It  
should be noted a t this point that using strict terminology the two cyclopenta(a) -  
phenanthrenes examined are not true hydrocarbons as they both bear an oxygen atom 
attached to C -1 7 . However the metabolism of the aromatic rings appears to be the 
same as for true polycyclic aromatic hydrocarbons (Coombs et a L , 1979)) . The 
average nuclear D N A  binding index of the hydrocarbons, expressed in pmols/mol of 
D N A  phosphorous (which represents modified D N A  bases per m illion D N A  bases) was 
benzo(a) pyrene (B(a) P), 6 .3 0 ; benz(a) anthracene (B(a) A ) , 0 .4 3 7 ; 7 ,1 2-d im ethyl-  
benz(a) anthracene (D M B A ), 12 .05 ; 3-methyl cholanthrene (3 -M C ) , 2 8 .8 9 ;
15,16-d ihydro-ll-m ethyl-cyclopenta(a)phenanthren-17-one (1 1 -M e ) ,  0 .5 2 9 ;  
and the 12-methyl Isomer (1 2 -M e ) , 0 .282  (3-MC>DMBA>B(a) P » 1  l-M e > o r = 
B (a)A >12-M e) . The recognised order of carcinogenicity of these compounds is 
DMBA>3-MC>B(a) P = 1 l-M e » B (a )A > 1 2 -M e  (H artw e ll, 1951-1971; Coombs e t a l .  
1976) . Phillips (1978) found similar D N A  binding indices for four of these 
compounds when they were applied to mouse skin: DMBA, 1 6 .2 ; B(a) P, 1 0 .1 ;
3 -M C , 9 .4 ;  and B (a)A , 0 .7 ,  which roughly relates to the known carcinogenicities 
of these compounds. The binding indices of the 11- and 12-methyl compounds are 
very similar to those found by Coombs (personal communication) for whole cell D N A  
extracted from WME 3 °  cells treated w ith these compounds.
The average binding indices for mitochondrial D N A  were: B(a) P, 317;
B (a)A , 104; DMBA, 887; 3 -M C , 2611; 11 -M e , 311; and 1 2 -M e , 100. Apart 
from the DMBA binding index the binding indices of these hydrocarbons to D N A  are 
far more in line with the known carcinogenicity values, being 3-MC>DMBA>B(a) P =
ll-M e > B (a )A >  or = 12 -M e . The reversal of the position of 3 -M C  and DMBA may be 
accounted for by the non-inclusion in the total DMBA binding index of the 'smear1 of 
tritium counts that exists in both nuclear and mitochondrial D M B A -D N A  hydrolysates 
eluting between 190 to 300ml .(Figure 11.14.). These counts have not been considered. 
They appear to represent a heterogenous mixture of products, the identities of which 
are not known. They elute too late for most macromolecules and mostly a fte r the 
natural unmodified nucleosides and so possibly do represent modified nucleosides, 
but single adduct species cannot be distinguished. N o similar 'smear' of counts has 
been seen with any other compound in this study or, seemingly, in any other, except 
Phillips (1978) obtained a corresponding 'smear' of counts on LH 20 chromatography 
of the hydrolysates of D N A  extracted from DMBA treated mouse skin. Therefore 
this unknown tritium containing fraction is peculiar to DMBA and if  it is included in
the total binding index of DMBA, the binding indices for 3 -M C  and DMBA become 
approximately equal.
Thus in this study, a far better relationship between carcinogenicity and 
overall binding to DNA is found for mitochondrial D N A  than for nuclear D N A , 
especially in the case of benzo(a)pyrene, 1 5 ,16-d ihydro-l 1-m ethyl-cyclopenta(a) -  
phenanthren-17-one and its 12-methyl isomer.
By taking benzo(a) pyrene as a reference the carcinogenicity of benzo(a) -  
pyrene, 1 5 ,16 -d ih yd ro -ll -m ethyl-cyclopenta(a) phenanthren-17-one and its
12-methyl isomer are: B(a) P, 100%; 11 -M e , 100%; 12-M e, 0% . The nuclear 
binding indices are: B(a) P, 100%; 11 -M e , 8 .4 % ; and 1 2 -M e , 4 .5 % , the m ito­
chondrial D N A  binding indices being: B(a) P, 100%; 11 -M e , 9 8 .1 % ; 1 2 -M e , 
3 1 .6 % . W hile the overall binding to mitochondrial D N A  shows a better re lation­
ship to carcinogenicity than the binding to nuclear D N A , there still exists the 
anomaly that the non-carcinogenic 1 5 ,16-d ihydro-l2-m ethyl-cyclopenta(a) -  
phenanthren-17-one binds at a ll ,  and chromatographically has the same major 
adduct species as its carcinogenic 11-methyl isomer. This raises the question of 
whether or not a ll adducts play a part in the carcinogenic process or only some, 
possibly minor adducts, as is probably the case with benz(a) anthracene w ith the 
previously discussed situation existing with the 3 ,4 -  and 8,9-dihydrodioIs.
Variation in adduct species is not only dependant on which hydrocarbon 
metabolite binds, but also to which deoxyribonucleoside. Recent studies have 
indicated that while the bulk of the binding is to deoxyguanosine the b io logically  
active adducts may be those formed between the hydrocarbon and other deoxyribo­
nucleosides such as deoxyadenosine (Kakefuda and Yamamoto, 1978) .
Di Giovanni et a l.  (1979) have demonstrated that four polycyclic hydrocarbons that 
show no correlation between their carcinogenicity towards mouse skin and their
mouse skin epidermal homogenate mediated binding to poly (G ) show a correlation 
of binding to poly (A) . The importance of binding .to the exocyclic 6-am ino group 
of adenine may lie in the possible destabilisation of hydrogen bonding to thymidine, 
with concomitant local distortion of the D N A  helix .
A lternative ly  the 'active ' deoxyribonucleoside-adduct may be due to a 
particular metabolite which might be one of many that are capable of binding to the 
same deoxyribonucleoside. In this case the important factors may be the positions 
of the hydrocarbon through which binding takes place, or the position on the deoxy­
ribonucleoside to which it binds. These factors would effect the steric 'position' of 
the hydrocarbon on the D N A  molecule which in turn might effect the response of 
replication or repair enzymes. Sim ilarly, the possession or position of particular 
substituents on the hydrocarbon might effect these enzymes leading to base mis­
matching, deletions or strand scissions.
The elution profiles of the two cyclopenta(a)phenanthren-17-ones have 
adduct peaks eluting at mutually corresponding volumes indicating, as might be 
expected from their close similarity in structure, that they are metabolised to similar 
reactive metabolites. W ith both compounds the major adduct peak is (B) which, for 
the 11 -methyl isomer is due to binding via the 3 ,4 -d ihydrod io l-l ,2 -epo xide  
(Coombs et a L , 1979a), and it seems probable that peak (B) may be derived in a 
similar way from the 12-methyl isomer. In both cases there is more of this adduct 
in the mitochondrial D N A  than in the nuclear D N A , but in both cases the increase 
is proportional to the increased amount of adduct. However, with the carcinogenic 
11-methyl compound peak (C) is minor in the nuclear D N A , but is increased in the 
mitochondrial D N A  three times more than peak (B) is increased. W ith  the 12- 
methyl compound peak (C) is a major nuclear peak which is not increased in the 
mitochondrial D N A  any more than the amount by which peak (B) is increased. Thus
the carcinogen and non-carcinogen have two binding peaks in common, but the 
binding of one to mitochondrial D N A  is preferentially increased in the case of the 
carcinogen. From the shape of the elution profile it may well be that this peak 
represents a mixture of binding species, of which possibly only one is increased in 
the mitochondrial D N A .
From Section 11.3. i i .  it  is known that peak (A) which elutes on Sephadex LH 
20 approximately 35ml to 40ml earlier than peak (B) contains one extra hydroxyl 
group. Peak (C) elutes 60ml to 65ml later than peak (B ), a difference which may 
represent two hydroxyl groups. Peak (B) is thought to arise via the dihydrodiol 
epoxide to give the triol adduct:
DNA
HO
OH
Figure 11.9 .i i i .  The proposed 1 5 ,16-d ihydro-11-m ethyl-cyclopenta(a) phenanthren-  
17-one-D N A  adduct which gives rise to peak (B) on hydrolysis of 
the D N A .
A difference of two hydroxyl groups suggests a monol-cyclopenta(a) phenanthrene 
adduct possibly due to the opening of an epoxide such as the K-region epoxide 
(although Boyland and Sims (1967) and Flesher e t a L  (1976) have demonstrated that 
K-region epoxides are less carcinogenic than their parent hydrocarbons) or the
3,4 -epoxide  to give the binding product:
DNA OH
Figure II .9 .  iv . Possible structure of a Sephadex LH 20 late running adduct of
1 5 ,1 6 -d ih yd ro -l1 -m ethyl-cyclopenta(a) phenanthren-17-one
Either of these would take up a significantly different steric configuration when 
bound to D N A  than the product of the 3 ,4 -d ih y d ro d io l-l,2 -ep o x id e  (peak B)) . It 
is of interest that Coombs has recently demonstrated that a 1 5 ,16-dihydrocyclopent- 
( a )phenanthren-17-one in which the bay-region is completely blocked by a 1 ,1 1 -  
methylene bridge shows approximately 60% o f the carcinogenicity of 1 5 ,16-dihydro- 
11 -methylcyclopenta(a) phenanthren-17-one (Bhatt et a L , 1979). As the b ay- 
region is completely blocked it cannot form the adduct (B) via the dihydrodiol 
epoxide, suggesting that this bay-region vicinal dihydrodiol epoxide may not be 
involved in the carcinogenic process.
In the hydrolysate of D N A  extracted from benzo(a) pyrene-treated WME 3 °  
cells peak (D) is almost non existent in the nuclear D N A , but is prominent in the 
mitochondrial D NA hydrolysate. This peak elutes 76ml after peak (B ), which 
itself results from binding of the 7 ,8 -d ih yd ro d io l-9 ,10 -ep o x id e , and again this 
difference in elution volume may well represent a difference of two hydroxyl groups. 
This suggests that peak (D) may arise from the opening of an epoxide, such as the
7 , 8-epoxide which has been shown to be a proximate carcinogen (Section 1 .1 .’v i . )  . 
The 7 , 8-dihydrodiol is also active ly  carcinogenic and mutagenic (Sections 1 .1 .v .  
and 1.1 .v i . )  and it has been suggested that the activ ity  of the 7 ,8 -e p o x id e  is due to 
further metabolism to the dihydrodiol epoxide. However, the recent results o f Hsu 
et a [. (1979) which are discussed later in this section indicate that b io log ica lly  
active deoxyribonucleoside adducts could arise via the 7 ,8 -d ih y d ro d io I.
7 , 12-dimethylbenz(a) anthracene produces a major adduct species peak (B) 
which is thought to arise from the 3 ,4 -d ih yd ro d io l-l ,2~epoxide (Section L l . v i i i . ) . 
A  late running peak (D) (which in this instance is not increased in mitochondrial 
D N A  by a greater factor than other adducts) elutes 115ml a fte r peak (B) w h ile  
peak (A ) elutes 60ml earlier than peak (B) and is thought to be a hydroxymethyl 
derivative of peak (B ) . Thus if  60ml separates derivatives differing by one hydroxyl 
group, 115ml may separate derivatives differing by two hydroxyl groups making peak
(D) an adduct containing a mono-hydroxylated hydrocarbon. This could arise by 
the opening of an epoxide such as the 3 ,4 -epox ide  and would result in a d ifferent 
steric configuration o f  the hydrocarbon on the D N A  from that caused by binding 
through the dihydrodiol epoxide. Dipple and Nebzydoski (1978) have shown that 
the addition of 1 ,1 , l-trich loropropene-2 ,3 -ox ide  (T C P O ), a known inhib itor of the 
enzyme epoxide hydratase, decreased the overall binding of 7 , 12-dime thy I benz(a) -  
anthracene to the D N A  of mouse cells in culture. They reasoned that this was due 
to the TCPO protecting the 3 ,4 -epoxide  from opening to the 3 , 4-dihydrodiol 
catalysed by epoxide hydratase, so reducing the amount of substrate le f t  to form the 
vicinal 3 ,4 -d ih y d ro d io l-l ,2-epoxide which they take to be the main adduct forming 
species. The opening of the epoxide of the dihydrodiol epoxide is not effected as 
dihydrodiol epoxides make bad substrates for epoxide hydratase (O esch, 1973) .
They noted that the main Sephadex LH 20 adduct peaks diminished in size as would
be expected if  less dihydrodiol-epoxide was being formed. However the late 
running minor peak corresponding to peak (D) in their study increased in size 
suggesting that it originated from a reactive species that was protected by TCPO,
i .e .  an epoxide. This substantiates the idea that this late running peak is due to 
the opening of a simple aryl oxide. Possibly the late running peak due to 
3-methylcholanthrene and the late running peaks seen in mitochondrial D N A  
extracted from benz(a)anthracene treated whole mouse embryo cells are formed by a 
similar mechanism.
Recently Hsu et a l .(1979) have shown that the 7 ,8-dihydrodiol, but not the
4 ,5 -  or 9 , 10-dihydrodiols of benzo(a) pyrene binds to the D N A  and causes 77% 
inactivation of jz6<174 D N A  infectivity  compared with 99% by the dihydrodiol 
epoxide. Similarly they found the 1 ,2 -  and 3 ,4-benz(a) anthracene dihydrodiols 
caused 69% and 65% inactivation respectively while other benz(a) anthracene 
dihydrodiol derivatives did not. They postulated that the dihydrodiols may favour 
re latively  fac ile  dissociation with the loss of a hydroxyl group and the formation of 
a particularly stable benzylic or a lly lic  carbonium ion. Conceivably this may aryl 
alkylate  D N A .
HO HO
Figure l l .1 2 . i i .  Postulated mechanism of reaction of benzo(a)p/rene trans-
7> 8-dihydrodiol with D N A  (after Hsu et a l . ,  1979)
In this study the total binding of hydrocarbon metabolites per unit D N A  has 
been found to be approximately one hundred times as great to mitochondrial D N A  as 
to nuclear D N A  and the relative binding indices of the hydrocarbons to mitochondrial 
D N A  relate to the carcinogenicity. Certain products, predominantly late-running  
on Sephadex LH 20, bind to mitochondrial D N A  to an even greater extent than the 
overall increase in binding to nuclear D N A , and from their elution volumes indicate  
that they possibly arise from the opening of an epoxide rather than a dihydrodiol 
epoxide.
That hydrocarbons should bind to mitochondrial D N A  to a greater extent than 
nuclear D N A  is perhaps not surprising. Polycylic aromatic hydrocarbons are 
preferentially accumulated in mitochondria, probably due to their high lip id  solub­
ility  (G ra ffi, 1940) . The lack of hi stone around the D N A  leaving it 'naked1 would
fac ilita te  binding to the D N A . Wunderlich et a [ . (  1970) have shown that an in tra - 
peritonea! injection of the direct acting carcinogen N -m ethyl-N -n itrosourea into 
rats resulted in a five -fo ld  higher binding to mitochondrial D N A  than to nuclear
D N A  in the liver. ' However*. in *DNA. isqlarted from rat - liver mitochondria
and nuclei the alkylation of the two species was the same. |,
-  _ ^
To activate hydrocarbons to bind to D N A  metabolism of the hydrocarbon must 
take place. Mitochondria contain the components of the aryl hydrocarbon mono­
oxygenase electron transport chain that is involved in the metabolism of hydro­
carbons (Section l . l . i i . ) .  Raw and M ahler (1959) a n d R a w e ta l.  (1960) demon­
strated the presence of cytochrome and NAD H cytochrome bs reductase (N A D H  
cytochrome c reductase) in liver mitochondria. Sottocasa et al .(1967) demon­
strated that cytochrome bs is present in the mitochondrial outer membrane. The 
presence of cytochrome P450 has since been demonstrated in the mitochondrial inner 
membrane (Sato et a L , 1977) and outer membrane (Raw, 1978). Further, Raw
(1978) has demonstrated that the outer membrane cytochromes P450 and bs, but not 
monoamine oxidase (a mitochondrial outer membrane marker; Schnaitman et a l . ,  
1967), are inducible in rats by the intra-peritoneal injection of 3 -m ethylcholan- 
threne. Thus the mitochondria contain a complete hydrocarbon metabolising system 
which is specifically inducible by a hydrocarbon, while the induction did not occur 
in unrelated enzymes which are markers for the mitochondrial outer membrane. 
Interestingly there is a slight difference between this system and the microsomal 
system. The microsomal, system utilises NADPH cytochrome C reductase. This is 
present in only minute quantities in the mitochondrial outer membrane and is not 
inducible in it . However, large quantities of the analogous N AD H cytochrome C 
reductase are present, although this is also not inducible.
This inducible hydrocarbon metabolising system is located in the m ito­
chondrial membranes and the mitochondrial D N A  is attached, probably a t the point 
of replication, to the inner membrane (Section l . 2 . i i i . b ) .  As the lip o p h illic  
polycyclic aromatic hydrocarbons accumulate in the membranes (G ra ff i, 1940) 
these conditions must favour high binding of the hydrocarbons to the mitochondrial 
D N A . These conditions might also favour the binding of hydrocarbon epoxides 
rather than dihydrodiol epoxides to the D N A  as the epoxide would probably not be 
attacked by epoxide hydratase in the mitochondria producingthe dihydrodiol from the 
epoxide.
The true identity of the adducts that appear in different ratios between mito­
chondrial D N A  and nuclear D N A  w ill only be established by obtaining sufficient 
quantities of pure adduct. This may be achieved by re-chromatographing LH 20 
peaks using high pressure Iiquid chromatography which facilitates far better separa­
tions in a much faster time than Sephadex LH 20. Analysis of these, and possibly 
comparison with synthetic standards, w ill lead to the elucidation of the hydrocarbon 
metabolites and the deoxyribonucleosides involved. Possibly in vitro metabolic 
studies using enzyme inhibitors may fac ilita te  the preparation of larger amounts of 
these trace adducts.
11.3. iv . investigation of the repair of the hydrocarbon adducts obtained from
nuclear and mitochondrial D N A  extracted from whole mouse embryo 
tertiary cells treated with benzo(a) pyrene and 3-methylcholanthrene
a) Method
The experimental procedure was loosely based on the rationale of Shinohara 
and Cerutti (1977) . Fifty dishes of WME 3 ° fibroblasts were set up and dosed after 
18 hours with 0 .125p C i/m l ( 2 - 14C) -thymidine (Section 11.2.) . On day 5 the cells 
were dosed with 0.235pgm /m l benzo(a) pyrene (27C i/m  mol) or 0.744pgm /m l of 
3-methyl cholanthrene (9C i/m  mol) . On day 6 the medium was removed, the cells 
were covered with fresh medium supplemented w ith 0 .2 5 %  foetal ca lf serum instead 
of 10%, a level which maintains the cells but keeps D N A  synthesis to a minimum, as 
shown by (m ethyl-3H) -thymidine uptake (Frearson, P. personal communication) .
Ten plates were taken and the mitochondrial and nuclear D N A  were extracted from 
the cells (Section 11.2.) (time 0) . This was repeated at further subsequent times.
A t J
The results were calculated as the H present in the adduct peaks divided by the C 
in the thymidine peak, and are presented as percentages of the values a t time zero 
in Table 11.8. and Figures I I .  18a, b, c and d for benzo(a)pyrene and Table 11.9. 
and Figures I I .  19a, b, c and d for 3-methylcholanthrene.
Nuclear D NA
Time Adduct A B C D Total
Ohrs 3h / 14c 0.0122 0 .370 0.0419 0 .0112 0 .4353
24hrs
3h / i4c
%  of Ohrs
0 .0104
86
0.3589
97
0.0199
48
0.0072
64
0.3964
91
48hrs
3h / 4c
%  of Ohrs
0.0045
37
0.2512
68
0.0168
40
0.0049
44
0 .2774
64
72hrs
3h / 4c
%  Of Ohrs
0 .0048
39
0.1207
33
0.0058
14
0 .0026
23
0 .134
31
144hrs
3h / 4c
%  of Ohrs
0.0031
25
0.0996
27
Mitochondrial
0 .0053
13
D N A
0.0011
10
0.1091
25
Time Adduct A B C D Total
Ohrs 3h / 4c 2.253 15.007 2.917 6 .9 8 27 .157
24hrs
3h / 4c
%  of Ohrs
2 .294
102
14.58
97
2 .6 7 6
92
5 .8 3 8
84
25 .3 88
94
48hrs
3h / 4c
%  of Ohrs
2 .805
125
14.936
100
2 .673
92
5 .9 5 6
85
2 6 .3 7
97
72hrs
3h/ ,4c
%  of Ohrs
2 .4 7 8
110
10.906
73
2 .4262
84
6.772
97
2 2 .6 18
83
144hrs
3h / I4c
%  of Ohrs
1 .86
83
7 .179
48
1.342
46
5.81
83
16.191
60
Table II .8 .  The ratio of 3H-■adducts to 14C-thym idine in the D N A  of WME
3 °  cells after treatment with benzo(a) pyrene for 24 hours
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Figure 11.18.a, Sephadex LH 20 elution profiles of hydrolysates of nuclear D N A  
extracted from benzo(a) pyrene treated WME 3 °  fibroblasts. 
Above time = 0 hrs, below time = 144 hrs
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Figure 11.18.b . Sephadex LH 20 elution profiles of hydrolysates o f mitochondrial D N A  
extracted from benzo{a) pyreneVreated WME 3 °  fibroblasts.
Above time = 0 hrs, below time = 144 hrs
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Figure 11.18c The disappearance of benzo(a) pyrene adducts from the nuclear (n) and 
mitochondrial (mt) D N A  in whole mouse embryo tertiary cells .
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Figure 11. 18d . The disappearance of total benzo(a)pyrene adduct from the
nuclear (n) and mitochondrial ( mt) D N A  in whole mouse 
embryo tertiary cells.
The recovery o f nuclear D N A  was: 0 hours, 0.29mgm; 24 hours, 
0.32mgm; 48 hours, 0.31mgm; 72 hours, 0.149mgm; 144 hours, 0 . lOlmgm with  
specific activities of 3 .5 6 , 3 .2 9 , 3 .3 0 , 3 .2 5  and 3 .8 5  x lO^DPM /m gm .
New D N A  synthesis is kept to a minimum by the use of 0 .2 5  foetal calf 
serum instead of 10% as new D N A  synthesis would 'd ilu te 1 the binding index. 
However, any D N A  synthesis that does occur is corrected for by relating a ll the 3H 
containing adducts to the amount of 14C present, which, when corrected for by the 
effic iency of hydrolysis, reflects the amount of D N A  present at time zero. The 
constant 14C specific activ ity  of the D N A  samples shows that no new D N A  synthesis 
has occurred nor has any appreciable amount of D N A  been lost in the repair process.
Time
Ohrs
24hrs
48hrs
72hrs
144hrs
Time
Ohrs
24hrs 
48hrs 
72hrs 
144hrs
N uclear D N A
Adduct A B C D Total
3h / ' 4c 0.051 0 .316 0 .109 0.0192 0 .495
3h / ,4c 0 .046 0 .216 0.072 0 .0154 0.355
%  of Ohrs 92 68 71 80 72
3h / ,4c 0 .0 2 1 0 .125 0 .045 0.0125 0 .203
%  of Ohrs 41 39 41 65 41
3h / 4c 0 .025 0 .114 0 .043 0 .007 0 .189
%  of Ohrs 49 36 39 36 38
3h / 4c 0 .0056 • 0 .068 0 .032 0 .008 0 .113
%  of Ohrs 11 21 29 42 23
Mitochondrial D N A
Adduct A B C D Total
3h / ,4c 3 .7 24 .2 5 .4 6 .4 3 9 .7
3h / 4c 3 .0 25 5 .0 4 .5 3 7 .4
%  of Ohrs 62 103 93 70 94
3h / ,4c 3 .7 14.1 3 .4 2 . 2 2 3 .5
%  of Ohrs 100 58 63 34 59
3h / ’4c 1 .74 7 .8 7 1 .84 1.77 13.2
%  of Ohrs 47 33 34 27 33
3h / 4c 1.1 5 .9 0.71 1 .9 9 .7
%  of Ohrs 30 24 13 30 24
Table 11.9. The ratio of 3H-adducts to 14C-thym?dine in the D N A  of WME  
3 °  cells after treatment with 3-methyl cholanthrene for 24 hours
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Figure I I .  19a. Sephadex LH 20 elution profiles of hydrolysates of nuclear D N A  
extracted from 3-methylcholanthrene treated WME 3 °  fibroblasts. 
Above time = 0 hrs, below time =  144 hrs
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Figure | | .1 9 .b .  Sephadex LH 20 elution profiles of hydrolysates of mitochondrial 
D N A  extracted from 3-m ethyl cholanthrene treated W M E 3 °  
fibroblasts. Above time = 0  hrs, below time = 144 hrs.
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Figure 11.19c The disappearnce of 3-methylchoIanthrene adducts from the nuclear (n) 
and mitochondrial (mt) D N A  in whole mouse embryo tertiary  cells
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Figure 11. 19d The disappearance of total 3-methyl cholanthrene adduct from the 
nuclear (n) and mitochondrial (mt) D N A  in whole mouse embryo 
tertiary cells
The recovery of nuclear D N A  was: 0 hours, 0.525mgm; 24 hours,
0.334mgm; 48 hours, 0.33mgm; 72 hours, 0.297mgm; 144 hours, 0 . 160mgm with  
specific activ ities of 4 .5 3 , 4 .5 8 , 4 .8 2 , 4 .6 4 , and 4 .8 0  x 106 DPM/mgm. Again  
the constancy o f the specific activities shows that there was no new D N A  synthesised, 
nor lost during repair.
C ) Discussion
In Section 11.3. in . it was shown that the hydrocarbons benzo(a) pyrene and 
3-methyl cholanthrene exhibit binding to mitochondrial D N A  which is 50 to 100 
times as great as the binding to nuclear D N A . Further it was seen that in each 
case an adduct, usually a late running peak on Sephadex LH 20, bound to m ito­
chondrial D N A  to an extent over and above the aforementioned increase. To 
investigate further the differences of hydrocarbon binding between mitochondrial and 
nuclear D N A  experiments were carried out to compare the rates of removal of the 
adducts from these two species of D N A .
The repair of nuclear D N A  is well documented (H art, 1976; Lieberman,
1976; Lehmann and Bridges, 1977), including repair initiated by chemical carcino­
gens (Heidelberger, 1976; Lehmann and Bridges, 1977) . However whether or not 
mitochondria are repair proficient is controversial (Clayton et a L ,  1974; Hixon et 
a l . ,  1975; Prakash, 1975) although it seems like ly  that photoreactivation of m ito­
chondrial D N A  occurs, and is governed by the same enzyme which is coded for in the 
nucleus and that controls nuclear photoreactivation repair (Moustacci et a L , 1978) . 
These authors also postulate that recombinational repair events may also occur in the 
mitochondrion.
In this study the removal of total adduct from the nuclear D N A  of benzo(a) -  
pyrene treated WME 3 ° cells (Figures I I . 18 .a —d . ) follows very closely the pattern of 
removal from the D N A  of mouse embryo fibroblasts observed by Cerutti and Shinohara 
(1 9 7 7 ). These authors found 86%  of the D N A  adducts remaining after 24 hours and 
6 6%  remaining after 48 hours compared to 91%  and 64%  in this study. They found 
that after 48 hours repair slowed and by 72 hours 63% of the adducts persisted where­
as in this study it had reduced to 31% remaining after 72 hours, although the repair 
process did then slow down so that by 144 hours 25%  was still remaining.
In comparison the total adduct in the mitochondrial D N A  decayed steadily, but 
more slowly, so that after 144 hours 60% remained. On examining the rates of 
repair of the four constituent adducts, a similar pattern was seen in a ll o f them.
A fter 144 hours the major adduct (B) (probably the adduct due to the tra n s -7 ,8 -  
dihydrodiol- 9 , 10-epoxide) had 27% remaining in the nuclear D N A  and 48%  in the 
mitochondrial D N A . The persistence of adduct (C ) was similar in the mitochondrial 
D N A  but only 13% remained in the nuclear D N A . Twenty-five per cent, of the 
original nuclear adduct (A) was left while 83% remained in the mitochondrial D N A . 
The nuclear D N A  contained only 10% of the original adduct (D ) a fte r 144 hours, 
w hile 83% remained in the mitochondrial D N A . O v e ra ll, benzo(a)pyrene adducts 
were removed more effic ien tly  from the nuclear D N A  than the mitochondrial D N A ,  
and in two cases adducts, (A) and (D ) ,  v irtually  no repair takes place over six days.
The removal of total hydrocarbon adduct from nuclear D N A  extracted from 
WME 3 °  cells that had been treated with 3-methyl cholanthrene is similar to that of 
benzo(a) pyrene, after 48 hours only 41%  of the original adduct remains, the rate of 
repair then diminishing so that by 144 hours 23% still persists. In contrast to the 
benzo(a) pyrene experiment the mitochondrial D N A  containing 3-m ethyl cholanthrene 
adducts repairs at much the same rate as the nuclear D N A . There appears to be a 
lag of 24 hours, after which time 94%  of adduct remains unrepaired compared to 
72%. in the nuclear D N A  and at 48 hours 59%  remains in the mitochondrial D N A  
compared to 41%  in the nuclear D N A . However, by 72 hours this lag is made up, 
and by 144 hours the amount of repair is the same: 23%  remaining in the nuclear 
D N A  and 24%  in the mitochondrial D N A . This pattern is reflected in the con­
stituent DNA-adducts, the amount o f repair after 144 hours being much the same but 
with an in itia l lag of 24 hours in the mitochondrial D N A . The only adduct this 
pattern is not seen in is the late running adduct ( D ) , in which there is no m ito­
chondrial repair lag and the final amount of repair in both DNAs is sim ilar. It 
should be remembered however that when comparing the repair as a percentage of 
time zero, w hile the percentage repair at a given tim e, e .g . 144 hours, may be the 
same, the actual repair is different as the mitochondrial D N A  is modified by 50 to 
100 times the amount of nuclear D N A . So at 144 hours, although the percentage 
of repair may be the same, mitochondrial D N A  w ill still contain 50 to 100 times 
more adducts than the nuclear D N A  at that time.
These experiments show that mitochondria are capable of removing hydro­
carbons attached to their D N A . W hile  photoreactivation appears to exist in m ito­
chondria (Moustacchi et a L , 1978) repair mechanisms of the classical excision 
repair type thought to be involved in the repair of chemical damage have not been 
reported.
The normal mode of replication of mitochondrial D N A  appears to involve 
frequent exchanges between mitochondrial D N A  molecules, each molecule under­
going several recombinational exchanges in each cell cycle (Williamson and Fennel, 
1974; S e n a e ta L ,  1975). Stevens (1974, 1975) raises the possibility that m ito­
chondria may undergo repeated fusion and disaggregation, allowing the total cell 
mitochondrial D N A  to come together and recombine, not just the intra-m itochon- 
drial D N A  recombination already mentioned. Certainly mitochondrial fusion has 
been, observed by other workers (Robertson, 1962) . Recombination between m ito­
chondrial markers in yeast has been documented as has the formation of hybrid 
molecules even between rho“ mutants (Slonimski and Lazowski, 1977) . It is now 
generally accepted that recombination between D N A  duplexes involves the form­
ation of a hetero-duplex molecule, followed by the correction of any mismatches in 
the recombining molecules (H o lliday, 1964; Meselson and Radding, 1975) . This 
type of repair may represent the type of recombinational repair proposed by
Moustacchi et a [. (1978) and it is possible that it is these recombinational repair 
enzymes that are involved in the mechanisms of removal of mitochondrial D N A -  
hydrocarbon adducts in this study.
The total repair of benzo(a) pyrene from mitochondrial D N A  is much slower 
than from nuclear D N A , whereas the repair of 3 -methylcholanthrene from m ito­
chondrial D N A  parallels the nuclear repair. The repair of nuclear D N A  is similar 
for both hydrocarbons. The binding indices to mitochondrial D N A  (Section I I . 3 . iii)  
are 317 and 261 lpmol/mol of D N A  phosphorous for benzo(a)pyrene and 3 -m eth y l- 
cholanthrene respectively which represents 9 .5  and 78 modified bases per m ito­
chondrial D N A  double he lix . This disparity may account for the disparity in repair 
rates. If the repair occurs via a post-recombination mechanism it can only occur 
after a segment of D N A  which includes an adduct has entered into a recombination 
event. The chance of this occurring is nearly ten times as high for 3 -m ethy l-  
cholanthrene damaged D N A  as it is for benzo(a)pyrene damaged D N A , and so the 
chance of repair becomes concomitantly higher, although it does not account for the 
difference in rates of repair of the different benzo(a) pyrene adducts, which may be 
determined by separate factors controlling the recognition of the adducts by repair 
enzymes, such as the stereochemistry of the adduct. Unlike the mitochondrial D N A  
the nuclear D N A  is not dependant on a segment entering a recombination event 
before it can repair, as it has constitutive repair enzymes which exist to repair any 
lesions that develop.
The one consistent feature of the repair of both hydrocarbons is the apparent 
'la g 1 that occurs in the repair of mitochondrial D N A  compared to nuclear D N A  
which appears to start repairing almost immediately. This would be accounted for 
if  nuclear D N A  has enzymes ready to carry out repair, while mitochondrial D N A  has 
to pass through a recombination before the repair can occur.
To summarise, nuclear D N A  in WME 3 ° fibroblasts repairs its damage in 
much the same way whether damaged by benzo(a) pyrene or 3-methyl cholanthrene. 
Mitochondrial D N A  however repairs at different rates. For benzo(a) pyrene the 
total repair of mitochondrial D N A  adducts is much slower than for nuclear D N A ,  
w ith variations in the rates of repair of the individual adducts. Mitochondrial 
D N A  containing 3-methyl cholanthrene adducts has a percentage repair similar to 
the nuclear D N A  w ith little  variation in the rate between the individual adducts.
A  possible candidate for mitochondrial D N A  repair is g post-recombination 
mechanism.
I I . 3 . v . The effect of benzo(a)pyrene on the physical structure of mitochondrial D N A
a) Method
Whole mouse embryo 2 °  fibroblasts were seeded into tw o-litre  glass bottles 
in 200ml of Dulbecco's modification of Eagle's medium, supplemented w ith 10%  
foetal calf serum and 10% tryptose phosphate broth, at 1 .5  x 105cel Is /ml and allowed  
to attach to the glass surface with rotating of the bottles a t 0 .5  r .p .m . a t 3 7 °C . 
Approximately 8 hours later the 'test' cells were dosed with lOOpgrn of benzo(a)-  
pyrene in 200p! of methanol (0.5pgm /m l benzo(a) pyrene 0.1 v /v  methanol) .
Control cells were dosed with 200pl of methanol. A t subsequent times after this the
A /
cells were also dosed wi th 200pCi of ( H-m ethyl) -thymidine (1 8 .5 C i/m  mol) in 
200pl of sterile water and grown for a further 48 hours. The mitochondrial D N A  
was extracted and CsCI-Ethidium bromide gradients prepared as described in 
Section 11.2.
b) Results
Two major peaks were obtained with average buoyant densities of 1. 618gm/ 
cc ( I)  and 1 ,579gm /cc ( I I )  which correspond to the two components of polyoma virus 
D N A  which had been centrifuged, as a standard, on the CsCI-EtBr gradient and 
which had two peaks of buoyant density: 1 .616gm /cc and 1 .578gm /cc (Figure
11.20) . The mitochondrial D N A  also contains a third, intermediate peak ( I 1) w ith  
an average buoyant density of 1 .603gm /cc. The percentage of tritiated thymidine 
incorporated into each of these three fractions is set out in Table 11.10.
Incubation time with benzo(a) pyrene before the addition of
(3 H-m ethyl) -thy midine (hrs)
0 .5 5 .5 18
Peak Control Treated Control Treated Control Treated
1 3 0 .6 2 6 .0 3 1 .6 15 .8 3 0 .9 2 5 .2
1' 13.1 16.5 16.3 10 .7 17 .4 2 0 .3
II 5 6 .3 5 7 .5 52.1 7 3 .5 5 1 .7 5 4 .5
A
Table 11.10 The percentage of ( H-m ethyl) -thymidine incorporated into 
the CsCI-EtBr separated components of WME 3 °  fibroblast
mitochondrial DNA
a) untreated W M E  3
xro
b)benzo(a)pyrene  
trea ted  W M E 3°
CO
c) untreated Polyoma virus
co 300
i
o
1-62 1-60 1-58 1-56 1-54
CsCl density (gm.cc.-1)
F ig .11-20 C s C I-E tB r  density gradient profiles of circular D N A
e) Discussion
Peaks I and II represent the components I (highly twisted closed circles) and 
II (open circles) described by Van Bruggen et a L  (1966) and which are analogous to 
those seen with polyoma virus (Vinograd et a L , 1965) . O ther workers (Nass,
1969c; M iyaki et a L ,  1977) using similar centrifugation conditions based on those 
of Radloff et a L  (1967) similarly find two main peaks with 0 .04g m /cc  difference in 
buoyant density, although the absolute values vary slightly. Nass (1969c) for 
instance, finds buoyant densities of approximately 1 .610gm /cc and 1 .570gm /cc. 
These variations are probably due to differences in the quality of the caesium 
chloride and ethidium bromide used. Nass (1969c) also notes the presence of an 
intermediate peak with a buoyant density of approximately 1 .5 9 5 , similar to the one 
found in this study. By using electron microscopy she has demonstrated that this 
intermediate peak consists of circular dimers, primarily of the interlocked (catenated) 
variety .
From Table 11.10 it can be seen that benzo(a) pyrene exerts some effect on 
mitochondrial D N A  structure. In a ll three cases the proportion of closed monomeric 
circles drops. In two cases this is reflected in an increase in the putative catenated 
dimers, and a small increase in open circles, while in one case both the amount of 
monomers and dimers decreases with a concomitant increase in open circles (or linear 
molecules) . These changes did not however appear to be dependant on the length 
of time of incubation with benzo(a) pyrene.
M iyaki et a l . (1977) found that two carcinogens, N '-n itro -N -n itro s o -  
guanidine and 4-n itroqu ino line-l -ox ide , caused strand scissions in the mitochondrial 
D N A  of HeLa and rat ascites tumour cells, leading in both cases to the almost 
complete transition of closed circles to open circles. The effect of benzo(a)pyrene 
in this study was less dramatic, with only a small loss in total closed circular D N A ,
perhaps a reflection of the lower level o f modification of the D N A  caused by hydro­
carbons than by alkylating agents.
It has been shown (Section 11.3. i i i . )  that after 24 hours benzo(a)pyrene binds 
to mitochondrial D N A  at 317pmol mol of D N A  phosphorous, which is equivalent to 
9 .5  modified bases per mitochondrial D N A  molecule. Hsu £ t a L  (1977) demon­
strated that the reaction of the (+) -anti-benzo(a) p y ren e -7 ,8 -dihydrodiol- 9 , 10 - 
epoxide with bacteriophage /X 1 7 4  D N A  rendered the D N A  uninfective. By carry­
ing out in vitro experiments with the modified D N A  and D N A  polymerase they found 
that the dihydrodiol epoxide adduct blocked the polymerase and inhibited complete 
replication of the D N A  c irc le . They calculated that as litt le  as one benzo(a) -  
pyrene dihydrodiol epoxide adduct was enough to render the phage D N A  non- 
in fective. Recent work by Moore and Strauss (1979) has confirmed that a number of 
carcinogen adducts halt the polymerase during replication of *4X174 D N A , including 
the benzo(a)pyrene bay-region dihydrodiol epoxide adduct. As the base sequence 
o f /X 1 7 4  D N A  is now known (Sanger et a L , 1977, 1978) it has been possible for 
Moore and Strauss to demonstrate that the polymerase is stopped by benzo(a) pyrene- 
deoxyguanosine adducts, and probably by benzo(a) pyrene-deoxyadenosine adducts. 
Such results, when applied to the mitochondrial D N A  results in this Section, 
indicate the reason why benzo(a) pyrene leads to the conversion of closed mito­
chondrial DNA circles to open circles or linear molecules.
Yamaura et a [.(1978 ) modified polyribocytidylic ac id , polyriboadenylic  
acid , polydeoxycytidylic acid and polydeoxyadenylic acid w ith the two bay-region  
benzo(a)pyrene dihydrodiol epoxides and also the 4 ,5 -o x id e . These templates were 
then used for D N A  synthesis by a reverse transcriptase and a D N A  polymerase. In 
direct contrast to the preceeding evidence they found no sign of inhibition of the 
polymerases, neither did they find evidence of any base mis-incorporation due to
the presence of the adduct, which might be expected as the benzo(a) pyrene bay- 
region dihydrodiol epoxides bind primarily to the areas of guanine and adenine that 
are involved in hydrogen bonding of the base pairs. They conclude that either the 
modified deoxyribonucleoside retains template specificity or that the polymerase may 
'skip1 across an adduct bearing region to the normal template causing a deletion, 
but not a point mutation or strand discontinuity. Possibly these findings explain the 
increase in catenated dimers caused by benzo(a)pyrene. Bypassing the adduct 
might involve the D N A  polymerase in a cross-over between D N A  strands, or a 
recombination event may occur, which, due to the adduct on the exchanged material 
is not properly separated, resulting in the two chains interlocking. Certainly it 
appears that catenated dimers of the circular D N A  of bacterial plasmids arise 
primarily by recombination, whereas unicircular dimers are generated mostly through 
atypical replication, when replication does not terminate after one round (Benbow 
et a L , 1972) . Hudson and Vinograd (1967) present a comprehensive review of the 
possible mechanisms behind catenated dimer formation in HeLa cells based on breaks 
in the circle (as proposed happens due to benzo(a)pyrene by Hsu et aL (1 97 7 ) and 
Moore and Strauss (1979)) and recombinational events.
It is interesting that the frequency of mitochondrial D N A  dimers is increased 
in malignancy (Paoletti and Riou, 1973), although this trend is not a general ru le.
It would be of great interest to test 3-methylcholanthrene in this system as it 
has a higher binding index to mitochondrial D N A  than benzo(a) pyrene and appears 
to be removed from the D N A  more e ffic ien tly . It is possible that the removal of 
hydrocarbon from mitochondrial D N A  takes place during or directly after recombin­
ation. It would be interesting to see how the different binding factor of 3 -m eth y I- 
cholanthrene effects catenated dimer and open circle formation.
II .3 .v i .  Localisation of six potentially carcinogenic hydrocarbons in WME 3 °  cells
by light microscope autoradiography
a) Method
The methods used are described in Section I I .2 .x v i .  and Appendix B.
b) Results
The autoradiographs obtained are shown in Figures 11.21 a - f .
c) Discussion
N o autoradiograph shows preferential binding of any hydrocarbon to the cell 
nucleus. In many cases there are significant numbers of grains in the cytoplasm, 
with few in the nuclei, often only around the nuclear envelope. However there 
appears to be no relationship between carcinogenicity of a compound and its 
distribution in either the nuclei or cytoplasm. Interestingly, in a ll the autoradio­
graphs of carcinogen-treated cells there are some cells with tritium label in the 
cytoplasm, but none in the nucleus. In many cases the cytoplasmic (and nuclear) 
label may be due to the fixation of tritium that had been metabolised off the hydro­
carbon. Using electron microscope autoradiographs, lype and O ckey (1971) 
examined the in tra -ce llu lar localisation of 3H -D M B A . They found no unusual 
nuclear localisation of autoradiographic grains, but many in the cytoplasm. They 
were not able to confirm whether or not the cytoplasmic grains were bound to m ito­
chondrial D N A . Possibly the cytoplasmic localisation of tritia ted  hydrocarbons 
represents the preferential uptake of lypophyllic hydrocarbons by the high lip id  
content mitochondrial membranes as proposed by G raffi (1940) . Electron micro­
scope autoradiographs may help to clear this problem up, but for the present no firm 
conclusion may be drawn from these whole cell autoradiographs.
Figure I I . 2 1 .a . Autoradiograph o f confluent WME 3° fibroblasts treated w ith
benzo(a) pyrene fo r 24 hours. M a g n ific a tio n  x  450.
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Figure 11.21.b . Autoradiograph o f con fluen t WME 3 fib roblasts treated w ith
3-m ethylcho lanth rene  fo r 24 hours M a g n ifica tio n  x 180
Figure 11.21.c . Autorad iograph o f confluent WME 3° fibroblasts treated w ith
7 , 12-d im ethylbenz(a) anthracene fo r 24 hours. M a g n ific a tio n  x 450
Figure 11.21 .d  A utoradiograph o f confluent WME 3° fib roblasts treated w ith
benz(a) anthracene fo r 24 hours. M a g n ific a tio n  x 180
Figure 11.21
Figure 11.21
.e .  Autoradiograph o f confluent WME 3° fibroblasts treated w ith
1 5 ,1 6 -d ih y d ro - l 1-m e th y l-c y  cl ope nta(a) phenanthren-17-one
fo r 24 hours M a g n ific a tio n  x 180
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Autorad iograph  o f con fluen t WME 3° fib roblasts treated w ith
1 5 ,1 6 -d ih yd ro -1 2 -■methyl -cyc lopen ta (a ) phenanthren-17-one
fo r 24 hours M a g n ific a tio n  x  180
II1 .3 •  i . General Discussion on Chemical Carcinogenesis with Special Reference to 
Mitochondria
A wide variety of chemicals, many synthetic but in some cases of natural 
origin, are now known to be carcinogenic. The types of carcinogenic chemicals 
are so diverse that no common structure exists, however it appears that many, 
including polycyclic aromatic hydrocarbons are not carcinogens per se but require 
metabolic activation in v iv o . This activation process appears to be a 'side reaction' 
of detoxification resulting in the formation of strong electrophiles that can combine 
w ith  the nucleophilic sites in cellu lar macromolecules.
Precisely how such interactions may lead to the conversion of a normal cell 
into a malignant cell is not known, but the fact that many carcinogens are activated  
to electrophiles that are mutagenic, and that D N A  is the critical target for muta­
genesis has led to the supposition that D N A  is also the critical target involved in 
chemical carcinogenesis, and that one or more somatic mutations may be involved in 
the initiation of carcinogenesis by chemicals.
The somatic cell mutation theory was first proposed by Boveri (1914) and in 
recent years has gained acceptance due to the demonstration of the relationship 
between the mutagenic and carcinogenic ac tiv ity  of certain chemicals. This 
relationship is not perfect however and experiments using bacterial mutation tests 
and other mutation assays, which although w idely recognised as being useful for the 
quick detection of many potential carcinogens, have fa iled to establish a complete 
correlation between mutagens and carcinogens (Purchase et a L , 1978) .
A  number of studies have attempted to correlate the binding of metabolites of 
polycyclic aromatic hydrocarbons to cellu lar D N A  with the carcinogenic potential 
of the chemical, but no direct relationship has been found(Huberman and Sachs, 
1977) . S im ilarly, Phillips e t a L (  1978) found no relationship between the
susceptibilities of different strains of mice to the carcinogenic action of 7 , 1 2 -
dimethyIbenz(a) anthracene and the binding of the hydrocarbon to the D NA of the
skin. However, in previous studies the D N A  was extracted from lysates of whole 
cells, and so probably contained variable amounts of mitochondrial D N A  depending 
on the extraction procedures employed. In this study the nuclei and mitochondria 
have been separated and the D N A  extracted independently from each. As shown in 
Section l l . 3 . i i i . ,  hydrocarbons were found to bind to a much greater extent to the 
mitochondrial D N A  than the nuclear D N A . There was also a better correlation 
between overall binding and carcinogenicity for the mitochondrial D N A  than for 
the nuclear D N A . Furthermore a greater proportion of the mitochondrial than 
nuclear D N A  adduct species were seen to be more hydrophobic than adducts due to 
the bay region dihydrodiol epoxides.
The theory that dihydrodiol epoxides are the reactive metabolites that are 
important in the carcinogenic process has become w idely accepted, but recently  
contrary evidence has been accumulating. Eisenstadt and G old (1978) have shown 
that cyclopenta(c,d) pyrene which does not have a bay region is as mutagenic in the 
Ames' test as benzo(a) pyrene. More recently, B h a tte ta l.  (1979) have demon­
strated that 1 5 ,1 6 -d ih yd ro -l, 11-methano-cyclopenta(a) phenanthren-17-one in which 
the bay region is completely blocked has about 60% of the carcinogenicity of the 
unblocked 1 5 ,16-dihydro-l 1-m ethyl-cyclopenta(a) phenanthren-17-one.
Vtthtikangas ejf aj[-(1979) query the role of the major deoxyguanosine-benzo(a) -  
pyrene dihydrodiol epoxide adduct in carcinogenesis on the grounds that in perfusion 
experiments with benzo(a) pyrene this major adduct species is found in roughly equal 
proportions in the D N A  of lung (a target tissue) and liver which is not a target tissue, 
although other factors such as the tissue growth rate may play a part in determining 
the susceptibility of a tissue to the action of a carcinogen. Yamaura et al .(1978) 
have shown that benzo(a) pyrene bay region epoxides (and the K-region epoxide) do
not interfere w ith the replication of polydeoxyribonucleotide templates to which 
they are bound, and Weinstein's group have shown that dihydrodiol epoxide m odifi­
cations of D N A  do not perturb DNA-histone associations or the a b ility  to form 
nucleosomes (Yamasaki et a L , 1978) . It may be that other metabolites, such as 
the dihydrodiol precursor epoxide, although they are only minor adducts, are bio­
logically important because of their steric configuration on the D N A  m olecule.
Certainly adducts which arise from such metabolites are proportionally more abundant 
in mitochondrial D N A  than in nuclear D N A .
This study has shown that mitochondrial DNA is modified 50 to 100 times more 
by carcinogenic polycyclic hydrocarbons than nuclear D N A  and with a different 
proportion of types of adduct. 'There appears to be only three other .reports of the 
examination of the relative binding of carcinogens to mitochondrial and nuclear 
D NA .j Wunderlich et al, ,(1970, 1971) found that methylation by N-nitrosp- ; j^
diethylamine and N-m ethyl-N -nitrosourea after intraperitoneal injection was 
approximately five times higher in rat liver mitochondrial D N A  than in the nuclear
D N A . Similar findings have been obtained by Wilkinson et al,V (1975)
A  change in mitochondrial D N A  leading to malignancy is not excluded by the 
somatic cell mutation theory, and historically a number of authors have postulated 
that cancer may be, at least in part, due to a mutation in a cytoplasmic gene 
(Strong, 1926; G ra ffi, 1940; Darlington, 1944; Wunderlich e t -a L , 1971).
The theory of Warburg (1956) implied that the oxidative metabolism of 
malignant cells is fundamentally altered so that the cell adapts to an anaerobic 
existence, fermentation largely replacing respiration. W hile this theory is today 
largely rejected it remains true that alterations of the mitochondrial respiratory 
functions are observed in most tumour cells, although no conclusive general 
explanation for this impairment has yet been provided (Wenner, 1967) . As hydro-
c a rD o n  D in a in g  is n u n - e n z y m a r i t ;  u n u  so p ru u u o iy  n o n - s p e c in c ,  a n y  nyarocaroon- 
D N A  adduct is a potential mutagenic event, if not necessarily an oncogenic 
mutation. The changes seen in tumour respiration may not be the prime oncogenic 
changes, but may occur due to other mutations occurring simultaneously in the mito­
chondrial D N A  due to the carcinogen.
The mitochondrial D NA is known to code for a number of respiratory compon­
ents (Section 1.2. i i i . d . ) , mutational changes in which would undoubtedly lead to 
changes in respiratory capacity. Egilsson et aL (1979 ) assessed the relative growth 
inhibitory potencies of a number of carcinogenic and non-carcinogenic chemicals on 
19 strains of yeast grown on fermentable (glucose) and non-fermentable (glycerol) 
media. The m ajority of the carcinogens were distinctly more toxic to yeast on the 
non-fermentable medium where mitochondrial function is required, than on the 
glucose media where it is not. This may indicate a preferential reaction w ith the 
mitochondria! D N A , perhaps analogous to that found in this study. The m ajority of 
the carcinogens used also induced the petite mutation whereas the non-carcinogens 
did not. Five carcinogens which were tested impaired the development of cyto­
chromes a , 0 3 , and b, so disrupting respiration, and suggesting that the carcinogens 
also impaired mitochondrial protein synthesis. This could occur either through 
direct reaction with the protein and ribosomes or through mutation of the D N A  
coding for the relevant tRNAs or rRNA.
Woodward and Munkres (1967) have extracted structural proteins from the 
respiratory deficient mitochondrial mutant mi-1 of Neurospora crassa and found small 
but significant changes in the amino acid composition compared to the w ild  type. 
Surprisingly they found that a ll cell fractions contained large amounts of a structural 
protein of similar composition which immunologically and in amino acid content was 
the same as that extracted from mitochondria. In the mi-1 mutant cells this 
structural protein contained the same amino acid changes as the mitochondrial
structural protein, and so Woodward and Munkres concluded that in a ll of the 
cellu lar fractions considered this structural protein was the same protein and was 
coded for by mitochondrial D N A . However, these results have been questioned, 
mainly on the grounds of the purity of the preparations (see Borst and Kroon, 1969) . 
More recently, Irwin et aL (1978 ) have shown by gel electrophoresis that in three 
hepatomas a number of mitochondrial proteins were absent or reduced compared to 
the host liver, although no consistent change in protein patterns was noted.
If a mutation in mitochondrial D NA is involved in the carcinogenic process it 
is possible that it does not affect mitochondrial function directly , although changes 
may be brought about by simultaneous non-oncogenic mutations due to the random 
binding of the carcinogens. It is w ell known that the mitochondrion is not a totally  
autonomous organelle and that its biogenesis requires the interactive effects of m ito­
chondrial and nuclear genes. The concept that mitochondrial genetic information 
may pass out of the mitochondrion has been suggested by Attardi and A ttard i (1967) 
from the study of mRNA in HeLa cells and more recently a mitochondrial suppressor 
for a nuclear gene in Paramecium has been described by Sainsard (1975) .
There is a good deal of evidence to suggest that changes at the cell surface are 
important in malignancy. Alterations w idely referred to during transformation with  
oncogenic viruses and carcinogens include changes in agglutinability by concana- 
valin  A , altered rates of nutrient uptake, and changes in glycoprotein, glycopeptide 
and glycolipid components of the plasma membrane (Robbins and Nicolson, 1975; 
Nicolson, 1976). Seslan e ta [.(1 9 7 4 ) have reported that the mitochondrial D N A  
of cultured hamster cells is altered in structure and reduced in amount by the 
selective action of ethidium bromide. This leads to changes in the glycoproteins of 
the cell membranes, indicating some mitochondrial control over cell membrane 
characteristics. W allach (1968) has developed a hypothesis concerning the origin
of malignancy based on alterations in cellu lar membranes, including those of m ito­
chondria. W ilk ie  e ta L (1 9 7 9 ) have hypothesised that chemical carcinogens have a 
primary effect on mitochondrial D N A  which in turn would affect the protein synthesis 
of the inner membrane system. This could affect the process of electron transport 
and oxidative phosphorylation, but they suggest that the mitochondrial inner mem­
brane system has another function of unknown mechanism whereby the mitochondria 
exert a regulatory influence on the activ ity  of certain nuclear genes. Possibly some 
of these genes either specify membrane components or are involved in membrane 
biosynthesis.
Mitochondria are important in controlling intracellular ion comparmentation 
and flux , and it is known that divalent ions such as calcium and magnesium have 
many important signal functions in the eukaryotic c e ll. Bygrave (1976) has shown 
that mitochondrial calcium translocation and sequestration is aberrant in at least some 
tumour mitochondria and has proposed that this feature is of great significance in 
malignancy. Support for this argument has been provided by Egilsson (1977) who 
has shown that agents which are able to release calcium from mitochondria induce 
differentiation in cultured neuroblastoma cells.
A  primary mitochondrial target could explain why carcinogens of diverse 
chemistry seem to produce a similar series of predictable changes during transforma­
tion, a situation which is d ifficu lt to explain in terms of the non-specific induction 
of specific nuclear mutations.
Many studies such as that of Coombs et a L (1973) demonstrate that in chemical 
carcinogenesis using syngenic mice, the tumour type and its latent period are specific  
to the carcinogen employed. This phenomenon forms the basis of the Iball index of 
carcinogenicity ( Ib a ll, 1939) . This would appear to indicate that the same gene(s) 
are being mutated in exactly the same way each time by a given compound since the
phenotypic result is constant. However nuclear binding indices of the order of
0.5pm ol/m ol of D N A  phosphorous, as is found for 1 5 ,16-d ihydro-l 1 -m eth y l-cyc lo - 
penta(a)phenanthren-17-one, represent only a few molecules (about 100) bound to 
the total nuclear D N A  of a c e ll. As the binding of the reactive electrophiles 
appears to be non-enzymatic and random, the chance of mutating the same gene(s) 
in the same way must be extremely small. Stern (1973) estimates that there are 
some 10,000 to 100,000 (50 ,000  mean) pairs of structural genes in the mammalian 
cell (nucleus), although he does not put an estimate on the number of non-structural 
genes. However, there are only approximately 70 genes in the mitochondrial D N A  
circle (Bernardi, 1978) : in an L -ce ll there are about 250 mitochondria w ith 2 to 8 
D N A  molecules per mitochondrion or 500 to 2 ,0 0 0  ('say1 1 ,000) mitochondrial D N A  
molecules per cell (Nass, 1974). Therefore if each mitochondrial D N A  is homo- 
typic (which it might not be) there are some 1 ,000  copies of 70 mitochondrial genes 
in a cell and two copies of 5 0 ,0 00  nuclear D N A  genes. G iven the same binding 
index to both D N A  species the chance of mutating the same gene in the same way 
would be 700 times greater for mitochondrial D N A , but as there are 1 ,000  copies in 
the mitochondrial and two in the nuclear D N A , the chance of mutating a copy of 
the same gene is 3 .5  x 105 times greater for mitochondrial D N A , and given a 
preferential binding factor to mitochondrial D N A  of fifty  times (Section I I . 3 . i i i . )  
then the chance of mutating a copy of a gene is 1 .75 x 107 times greater if the gene 
is in the mitochondrial D N A  than if it is in the nuclear D N A . It may be that the 
restricted number of mitochondrial genes explains why random mutation by diverse 
chemicals often produces the same end result, namely malignancy.
Mutations of mitochondrial D N A  may also explain the enigma of the latent 
period which occurs between exposure to the carcinogen and the expression of the 
malignant phenotype. Classically latent period was thought to occur because it was
considered that a period of cell division was necessary for the promotion of active  
malignancy. This was explained in terms of the damage leading to malignancy 
occurring on an unexpressed part of the D N A , which only becomes expressed as the 
animal ages (thus fitting in with the observation that cancer is, in general, a disease 
of advanced age) . However cancer can be induced in young animals and so the 
theory has been modified to account for such processes as D N A  repair. Lesions in 
derepressed areas may be repaired, but repressed areas may not be available to 
repair enzymes because of the surrounding derepressing proteins, allowing the lesions 
to build up in this area (Trosko and Chang, 1976) . However, if the cancer pheno­
type is only expressed when the areas become derepressed then the latent period 
would be a period of little  phenotypic change followed by a sudden malignant change 
on derepression. This conflicts with the common observation that neoplastic trans­
formation jp y jt ro  is progressive in nature (Kuroki and Sato, 1968; Laerum and 
Rajewsky, 1975; Barrett and Ts'o, 1978) . Barrett and Ts'o (1978) provide evidence 
that although the transforming mutation might be only a single event it is not enough 
on its own, and secondary changes must occur before the potential of the mutation 
may be fu lly  manifested. They also demonstrate that the treatment of cells w ith a 
carcinogen does not lead to selection for transformed colonies with a growth 
advantage, but to the progressive development of such colonies.
If a mutation was introduced into one of the mitochondrial D N A  molecules 
without altering its replicative capacity the mutated molecule would be propagated 
at the same rate as unaltered molecules. ( It  is assumed that as the malignant 
character is transferred to daughter cells, the event leading to transformation is not 
due to the attachment of the hydrocarbon to the D N A  per se, be it e ither nuclear or 
mitochondrial, but to some transmittable aberration such as a base mismatch that this 
produces.) As long as there was no direct physical interaction w ith other molecules,
it would seldom, i f  ever, segregate out to give a homoplastic clone, and since this 
would apply to any similar mutation, the system would be slow to evolve. In fact 
segregation occurs rapidly (Williamson et'ja l., 1977) thus providing ample opportunity 
for evolution to occur. Brown et aL (1979 ) have concluded that mitochondrial DNA  
does evolve quickly, approximately ten times faster than nuclear D N A .
Various processes by which this occurs may be considered. Firstly, short of a 
special segregation mechanism, any multiorganellar system is like ly  to show some 
randomness of inheritance, sufficient to lead to a slow 'sorting out' process and 
eventual segregation of cells homoplastic for an aberrant organelle type. A lte r ­
natively there may be grossly unequal segregation of mitochondrial D N A  molecules a t 
cell division. A  third theory is the 'master copy' theory which holds that only a few  
of the mitochondrial D N A  molecules are biologically important, the others being 
redundant. AN of these ideas have major flaws which are discussed by Williamson 
et a [.(1977 ) . They postulate that the cell has a mechanism designed to maintain the 
genetic homogeneity of its mitochondrial system. A permissive mutation in a m ito­
chondrial DNA molecule would be rapidly transmitted to other copies so that the 
whole cell would soon become homoplastic and the mutation expressed. The most 
like ly  candidate for such a mechanism in mitochondria would be the process of 
recombination and gene conversion, which is discussed in Section l l .3 . i v .  As 
discussed in that section, recombination between D N A  duplexes involves the form­
ation of a heteroduplex molecule, followed by the correction of any mismatches 
resulting from the heterozygosity of the recombining molecules. The enzymes 
involved may also be involved in the 'repair' of the adducts. Presumably any 
mutation caused by the adduct, such as a base mismatch being introduced during a 
replication round would result in a mismatch heterozygosity of the recombining m ito­
chondrial D N A  molecules. The mismatch correction process can lead to gene
conversion in which more or less randomly, alleles of only one of the two types 
entering into the cross are recovered. If  a ll the mitochondrial D N A  molecules in 
the cell frequently enter into recombination with the possibility of gene conversion 
at each recombinational event, the population would tend to drift to homogeneity at 
any particular locus at a rate dependant on the frequency of recombination and the 
size of the population. As described in Section 11.3. iv . ,  it is possible for mito­
chondrial D N A  exchange to occur, so that a mutation in just one mitochondrial D N A  
molecule may, over a period of tim e, become, through a process of recombination 
and gene conversion, fixed in every mitochondrial D N A  molecule of the c e ll.
Herein may lie the explanation of latent period and the progressive nature of 
neoplastic transformation. The original mutation may occur in only one mitochon­
drial D N A  molecule in the whole of the c e ll. Thus if  the cell has 1 ,000  mitochon­
drial D N A  molecules, this change, if permissive, would probably not be expressed as 
it would be overshadowed by the 999 w ild type molecules. However, over a period 
of time the mutation might become fixed in other mitochondrial D N A  molecules by 
the process of recombination and gene conversion. As the percentage of mutant 
molecules increased so their expression would increase, and so progressively the 
transformed phenotype would be expressed, firstly through a pre-neoplastic stage 
where perhaps the ratio of mutants to w ild  type favours the w ild  type until fu ll neo­
plastic transformation is reached where the mutant D N A  outweighs the w ild  type.
This may be an explanation of the results of Howell and Sager (1978) who found that 
in some cases fusion of whole tumour cells with the mitochondria containing cytoplasm 
of non-tumour cells (cybrids) resulted in the partial suppression of tumourigenicity  
indicating that some tumourigenic cytoplasmic factor was being diluted by w ild  type 
non-tumourigenic factor. An analogous situation is seen if cybrids are formed 
between enucleated cells resistant to chloramphenicol (coded for by mitochondrial
D N A ) and whole susceptible cells. Due to the dilution of susceptible mitochondria 
with resistant ones the cell as a whole becomes resistant to the drug (M iln e r, 1976) .
The process whereby mitochondria containing a mutation accumulate in a cell 
may be aided by the mode of replication of mitochondria. According to the frag­
mentation theory of replication (Williamson et a [ . , 1977) D N A  containing areas of 
the mitochondria (called  chondriolites) bud off and grow to produce whole m ito­
chondria. If the D N A  of the chondriolite contains an oncogenic mutation, and no 
further copies of the w ild  type gene, then the mitochondrion formed would be homo- 
typic for that gene. The daughter cells of this mitochondrion would be similarly 
homotypic (depending on how much change recombination brought ab o u t), and 
random drift along w ith gene conversion may give rise to cells homotypic for the 
mutated mitochondrial gene.
The fact that chemical carcinogens can cause cell death by preferentially  
binding to mitochondrial D N A  (Egilsson et a l . ,  1979) suggests that mitochondrial 
destruction may also occur, and in fact in many cases the petite mutation may be 
induced in yeasts by chemical carcinogens (Egilsson et a [ . , 1979) . These destruc­
tive changes would reduce the mitochondrial pool and consequently any mutation 
which was permissive would have more chance of becoming established either by 
drift or by gene conversion. Thus any oncogenic mutation, which must be permissive 
if  not actually advantageous to the c e ll, would become established. Interestingly it 
is often noted that the mitochondrial content of cancer cells is decreased, a fact 
which is consistent with their commonly reduced respiratory capacity. The obser­
vations made in this study of the considerable modification of mitochondrial D N A  by 
carcinogenic polycyclic aromatic compounds, which is possibly repaired only slowly, 
and which appears to affect the physical structure of the D N A , would fac ilita te  the 
processes outlined above. The non-specific binding of the compounds to the m ito­
chondrial D N A  would generate permissive and non-permissive mutations. The 
mitochondrial pool size would be reduced as the non-permissive mutation containing 
mitochondria were lost, so fac ilita ting  the establishment of the permissive type.
If  one of the permissive mutations was 'oncogenic' then this would, w ith tim e, 
become established.
In 1976 Birky and Skavoril discussed in a general way the possibility that 
multicopy genetic systems like mitochondria are maintained in a genetically homo­
geneous state by the operation of a mechanism of the type discussed above, i .e .  
multiple rounds of mating with gene conversion. They coined the acronym SMAC  
(Stochastic Matching and Conversion) and set up computer simulations of populations 
of molecules in an attempt to see how rapid the genetic drift resulting from such a 
process would be. Certain generalisations had to be made so that the simulations 
were fa irly  crude. In one such simulation there was an input of one mutant a lle le  
to forty nine w ild  types. A fter a few rounds of mating populations homogeneous for 
the w ild  type alleles were generated, but a population homogeneous for the mutant 
a lle le  appeared only after 312 mating rounds. However, if  the population size was 
reduced, as may happen to mitochondria due to the toxic effects of non-specific  
binding to the mitochondrial D N A  by a chemical carcinogen, then populations 
homogeneous for the mutation were generated more quickly. Thus it may be the 
cumulative effects of m utatability and toxicity  of a compound that effect its carcino­
genicity and latent period if  the carcinogenic process operates through mitochondrial 
D N A .
In the past, a number of authors have postulated a causative relationship 
between mitochondria and cancer and more recently w ith the discovery that m ito­
chondria contain unique D N A  this idea has become more plausible. Recently there 
has been an accumulation of circumstantial evidence implicating mitochondria in the
carcinogenic process. Recent publications cite defects or changes in the mitochon­
dria of cancer cells of ultrastructure (Sordahl and Schwartz, 1971), genome topology 
(Paoletti and Riou, 1973) and contour length (Clayton and Smith, 1975), cation 
(Carpentieri and Sordahl, 1975) and pyr vate transport (Eboli e jt 'a L , 1977), m ito­
chondrial hexokinase (Bustamente and Pedersen, 1977) and the ATP complex 
(M eln ick e t a L ,  .1977) .
Whether or not changes in mitochondria or mitochondrial D N A  due to chemical 
carcinogens are ever shown to be primary to the carcinogenic process, mitochondrial 
D N A  could well provide a very powerful tool for the study of the interaction of 
chemical carcinogens with D N A . As its genome is lim ited it is like ly  that in the 
very near future complete genetic maps w ill be ava ilab le , and the full base sequence 
w ill be known. A lready partial maps are available and some segments of mitochon­
drial D N A  have been sequenced (Attardi et a L ,  1976a; Kroon et a L , 1977;
Borst and G r iv e ll, 1978; Linnane and N ag ley , 1978; Crews e t a L ,  1979 ). When 
these become available it w ill be possible to study the effects of chemical carcino­
gens on a complete double stranded mammalian genome of known sequence and 
function, fac ilita ted  by the high rate of binding of carcinogen to mitochondrial 
D N A  which has been demonstrated in this study.
APPENDIX A
The preparation of mitochondria extracted from whole mouse embryo tertiary cells for
examination by electron microscopy
The mitochondria (Section I I . 2 . v .)  were resuspended in 0.75m!s of sucrose- 
mannitol buffer (Section 11.2. iv .)  and an equal volume of 5%  glutaraldehyde 
(Sabatini e t a L ,  1963) in Sorensen's buffer (Dawson e t a L ,  1969), adjusted to 0 .1 M  
sucrose and Im M  calcium chloride (M illou ig  and M arinozzi, 1968), was added.
A fter 60 minutes the mitochondria were pelleted by centrifugation at 12,000g for 12 
minutes. The pe lle t was embedded in 2%  agar, washed for 3 x 1 0  minutes in 
Sorensen's buffer and then overnight in S^tensen's buffer. It was post fixed in 1% 
osmium tetroxide in Sorensen's buffer (M illo u ig  and M arinozzi, 1968) for 30 minutes 
and washed in double distilled water. The pellet was stained in 0 .5 %  uranyl 
acetate (Silva et a L , 1968) for 20 minutes and then dehydrated by passing through a 
graduated series of methanol-water solutions to methanol and embedded in araldite  
(G lauert and G lauert, 1958) . Sections were cut on a Reichert O M U 3 ultram icro­
tome and stained with lead citrate (Reynolds, 1963) before viewing in a Siemans 1A 
electron microscope.
APPENDIX B
The preparation of autoradiographic slides of whole mouse embryo tertiary fibroblasts
. The cells (Section l l .2 .x v i . )  fixed in 2 .5 %  glutaraldehyde in Swenson's 
buffer, were pelleted by centrifuging at l,0 0 0 g  for five minutes. The pelle t was 
dehydrated by passing through a graduated series of methanol-water solutions to 
methanol and embedded in ara ld ite . O.^um sections were cut on an O M U 3 u ltra­
microtome and mounted on a glass microscope slide. In the dark the slides were 
dipped in Ilford K5 emulsion (Ilford  L td ., Ilford, Essex), dried and exposed for two 
weeks and then developed in Kodak D19 fixative (Kodak L td ., Hemel Hempstead, 
H erts). The cells were then stained in Toluidine blue and examined under a light 
microscope.
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